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A. INTR O~~JCTI9~

The major  objectives of the research described was the study of diagiros-
t i c  techni -~ues for metallic  plasmas produced by exp loded wi re  sy stems . Work
accompliche d inclu led the development of a di~ rnun d die for the extrusion of
lith ium , ray tracing calcu1at~ ons to determine the deflection and a~ sorpt ion
of rays rasc ing th r ough  the plasma , and a t r a ns mi ss ion  line c a l c u lat i on  iced
f:r the design of etalons.  Measurement s made inc lude (-ray temperature de-
termination by the lir.e ratio method using scintillator detectors . Eroneri-
ments were also cur riel out on a large area CIS detecto r for the measurement
of infrared radiation.

A two -wavelength holographic interferometer was designed , constructed ,
tasted , a~d use I for the measurement of dens ity distribut ions in the exploded
wire plasma and a Z-pinch. The useful measurements were made with the system
at the ruby doubled frecuency, as the transmission through the plasma w a s
greater at this wavelength.

Sir~ le wavelength holographic interferometry was applied to the study of
an exploding l i thium wire plasma. The wire was 1 mil in diameter, e:~truled in
-~-acuum. A holographic quality ruby laser probe produced a 15 ns ~WF~ pulse
~~~ = E 9L ~.~~ nm with mJ in the TEM00 mode. A temperature controlled reso-
mont reflector restricted laser operation to essentially a single longitudi-
nal mooc . Linear charge density measured from Abel inverted interferograms
implied that a significant amount of neutral or unionized lithium was present
in a cold core. Peak electron density reached l.LixlO~-9 e7cm~ and
e’J < e < 10 eV, but significant neutral contribution prevented~ accur ate

elect ro n dens ity determination near the core . Three character istic per iods of
plasma development were identified and compared to time resolved streak phcto-
graphs of the lumincus plasma front and optical spectra. Of special interest,
a ren d of localized neutral “ cloud ” formation was observed w ith dens it ies
re aching 8 lO~- cm~~ , forming after self-pinching and before peak discharge
current .

The exploded wire system has been modified to accept solid wires cf tung-
sten and aluminum which can be fed from outside the vacuum system and a new
::-ray measurement system has been constructed.

This report contains descriptions of the items mentioned above . Although
a large part of the material has been , or is being, reported in the open lit-
er atu r e , all of the  s igni f icant  results are reported here for  completeness.
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B. HOLOGRAPHIC INThRFER0~~ TRY

Exp1od in~ wires have been studied for years as X-ray sources , detonation
fuses , shock sources ,-’2 ~~d as sources of high density plasma fur laser-
r~ asrn t coupling exoerirnents.3 Theoretical modeling of the plasma spectro-
c~ ric , electronic , and ~t-iL characteristics required detailed knowledge of the

radial electron density profile across the plasma column. With such know l-
ed ge one can ray trace through the kncwn profile and predict absorpti’ n along
the path.4 Spectral emissivity can then be estimated , electronic characteris-
tics can be explained , and ~~~ models can be verified .

The steep dens ity gradients (> 102 cm_L
) and high peak electron lensi-

ties (1O~-~ -l0~-~ cm 2) of exploding wire plasmas restrict the techni ques of
len sity  p rof i le  measurement to optical ~nterferometry . Since explclirg wire
plasmas of high energy density are infamously irreproducible , an entire pro-
f i l e  measurement must be made in one shot. By choosing a laser of sufficiently
small  pu l sewiIth , but sufficiently large energy one can freeze plasma muti n
wi i l luminate  the entire plasma in one arm of an interferometer. 0ptic~ 1 in-
terterometr of the Jarnin or Mach-Zehnder type requires high optical qual i ty
wiraicws , lenses , ~nd reflecting surfaces. Double-exposure holographic inter-
fer~metry does not have such limitations , arrd was utilized in thir investiga -

of exploding lithium wires.

Holographic interferometry has been successfully utilized elsewhere t

rr-:vi Ie high t emporal and spatial resolution of fully ionized , high density
r lasmas . 2 Exp loding wire  pLasmas , however , are rarely fully ionized and
present a formidable challenge to quar. t it ot ive  electron dens i ty  measuremer.t.
~~o-w avelength interferometry is specifically equipped to solve this probT~err
by eliminating the neutral contribution t~ refractivity .8 Much two-wavelength
w :r ~: appears in the t i terature .6 ,9 , l0 but l i t t le of it is applied to p ar t i n lly
i :n ize l t l a sm a s .  In one particular case tw o -w a velength holographic interfer-
ometry was applied to exploding wire plasmas with rather uncert dn results. 11

2i n e  wavelength nclogr-aphic lnterferometry still holds th~ possibility

of obta in ing  quali tat ive information regarding temporal plasma development and
h :i-dro d narnic stability. It also permits estimation of the level of ionizat ion ,
which may be compared to computed estimates based on a matrix of’ equilibrium
rate equations . Neutrals in a particrally ion iz ed  plasma cont r ibute  b r th  to re-

I 
r’r ac t iv i t  and to absorption. They not onl:.- increase the rirnbi~ ’j r ty of dnter-
:‘ar ome tn ic measurement s , but they may destroy fringe contrast by iecrearir~
the transmitted beam intensity in the interferometer  ch~ ect arm .

The p r i m a r , ’ experiments performed to d at e  in holographic ~n ter :’er neery
zr ’ exploding wire plasnas have been those of T . L. Seftor . 1-1’-- — In h i s  ~~rhl : -
: ot i or u  Set -ton c~ rr inented that  improve c laser  spatial behavior  w u l d  s i c n i t~-

wortrove the quality of his holograms .
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In the work described in this article, a KORAD ruby laser has been modi-

fied to produce a unitorm TE!~~Q output mode of ~~ mJ energy and 16 ns FW}il~1
pulsewidth. This holographic quality laser has been utilized to generate
holographic interferograms of a 1 mil (25 ~zm diameter) exploding lithium wire
plasma . The study has revealed much in terms of wire plasma dynamics and ef-
fective charge state.

Fblographic interferograms were produced with a double-exposure, image-
plane technique. Referring to Figure 1, a ruby laser operating at 6914.3 i’m
generated a 2.0 mm diameter TEN00 beam, which was expanded via lenses L1 and

to 7 cm diameter. The reference beam was collimated and directed via beam-
steering mirrors (not shown in Figure 1) to the holographic data. KODAK 120-02
plates were used throughout. The object beam was collimated and directed
through the vacuum chamber containing the 5-cm long, 1-mil diameter lithium
wire . The exploding wire plasma was imaged 1:1 onto the holographic plate in
order to capture refracted rays. A 50-cm focal length, 6.3 cm diameter lens
was used for imaging. This permitted the observation of electron density
gradients reaching °x102° cm~~ over the entire plasma radius during a pinch. I i
Between the two laser exposures, one of the reference beam-steering mirrors
was rotated. This changed the incident reference beam angle by 1.7 mrad and
placed moire fringes on the interferogram spaced 14 to 5 lines/nm. Neutral
density filters in the interferometer arms adjusted exposing intensity to
achieve a final exposed density of - 1. The laser and beam expanding optics
were floated on inner tubes to maintain laser mirror alignment, but all other
components were ha rd mounted .

High holographic diffraction efficiency was obtained by insuring single
or adjacent longitudinal mode laser operation and TEN00 transverse mode opera-
ti0n. Spatial coherence was further maintained by selecting better quality
vacuum chamber windows (i.e., window s of high optical finish as observed by
the eye) and by avoiding ~nhomogeneous regions of optical filters. An intra-
zavity aperture restricted oscillation to the lowest order transverse mode.
Longitudinal mode control was obtained by replacing the normal output sapphire
etalon with a BK-° four-surface resonant-reflector. The reflector was placed
within a temperature controlled oven steady to ± .01°C. The measured inter-
ferometer coherence length was .8 meter, implying a lasing bandwidth of
.0025 ~ (when frequency sweep during the pulse is taken into account).

13 This
corresponds to one axial mode oscillating strongly and one adjacent axial mode
oscillating weakly ~n the 75-cm laser cavity.

The e~~ loding wire plasma was initiated by discharging a 13.7 uf, 140 nH
capacitor charged to + 15 kV through a I mu diameter lithium wire. The wire
was extruded through a diamond die in a vacuum of 5 x 10-6 torr, insuring no
oxygen or hand oil contamination (see Figure 2). Peak current reached 100 kA
with a iuarter ringing period of’ 3.25 us. (The eletrical charging and trig-
gering circuit has been presented elsewhere.3) A streak camera viewed the
plasma at 900 to the interferometer object arm , monitoring the plasma luminous
front with an 3-20 response photocathode. Streak photographs were compared

3
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with observations of di/dt through the plasma, as observed on a Rogcwski coil
(where i = current and t = time).

Earlier spectroscopic studies of this exploding lithium wire plasma had
placed electron densities in the range of 2 to 6x1018 cm-3 (via Stark broad-
ening) and electron temperatures in the range of 2 to 10 eV (via line-to-lime
and line-to-continuum ratios).3’~-14 The only prior study of the electron den-
sity profile was qualitative and indicated the presence of a cold , poorly
ionized neutral core.3 Together with streak photographs, spectroscopic, and
di/dt data, a picture had been formed of a dense, partially ionized, cold
plasma whose radius would pinch down at unpredictable times before peak cur-
rent was attained. During a pinch caused by self-generated B-fields, electron
density and temperature rose and anomalous dips in di/dt resulted from changes
in plasma inductance. Spectra and streak photographs only viewed a small lin-
ear se~ nent of the exploding wire , and one could not confident ly extrapolate
these findings to the entire plasma length. Holographic interferoinetry prom-
ised to fill this gap and to provide electron density profile information and
MPTJ stability information over the entire wire length.

Reconstructed interferograms revealed significant temporal and spatial
details of our exploding wire dynamics. The sausage or m = 0 instability was
seen to occur , although early plasma column disseinbly did not usually result.
Significant variations in plasma column diameter were observed over short dis-
tances, indicating nonuniform lithium extrusion. Peak electron density, how-
ever, remained fairly uniform along the plasma colwmi axis in spite of local
radial variations. For ease of discussion the axis oi symmetry of the plasma
column will be termed the z-axis.

Three principle periods of exploding wire plasma development were studied
interferometrically. These periods follow the initiation of current flow
through the l i thium wire at time = t0.

A. Most profound self-pinching occurred between to + 1.0 is and t0 +
1.8 .is. Such rapid reductions in plasma radius were easily observed in streak
photographs and often corresponded to dips in di/dt. An interferogram taken
during a pinch at to + 1.0 ,is is shown in Figure 3. The 2.14-mrs diameter tur-
bulent region at the base of the plasma shows the influence of the lower elec-
trode on plasma formation. Clearly holographic interferometry identifies sci-
entifically usable regions of the wire plasma. While pinching does appear to
occur over the entire length, absolute plasma radii vary along the z-axis.
This implies a nonuniforrnly extruded wire in spite of the hard diamond die.

Electron densi-ty is indicated by the rate of fringe shift as the fringe
enters the plasma. This rate varies significantly along the z-axis and indi-
cated the presence of an m = 0 Instability. A close inspection of the inter-
ferogram of Figure 3 reveals the lack of fringe penetration through the core
of the plasma. Density profiles were measured at two z-positions along the
plasma. One profile was measured at the very narrow region near the top of
the interferogram, where a fringe completely penetrates the plasma. A second
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profile was measured 0.75 cm below this. The fringe shifts were Abel inverted
and plotted in Figure La . The profile indicated by the circles was measured in
a region where fringes did not penetrate the core. The significant variation
in radial profile at different points along the z-axis has been interpreted as
being caused by the nonuniform wire extrusion.

The extent of ionization may now be directly calculated. The linear atom
density (#/cm) is known from the initial lithium wire diameter. The linear
electron density may be calculated from Figure 14 by integrating under the curve
over the differential area element 2~trdr , where r = plasma radius. The irite-
gration reveals an effective charge, Zeff of 0.55. Computations based on Saha
equilibrium and on equilibrium rate equations both predict Zeff = 1.0 for elec-
tron temperatures above 1.5 eV. The low apparent effective charge results
from the contribution of neutrals to the index of refraction, resulting in a
reduced phase shift through the medium.

The interferometrically measured phase shift of a straight-line ray
through the circular cross-section plasma may be expressed as

fL
(
~~~
) 
[~(r) - l~ d2 , (I)

where = phase shift

L = straight-line path through the plasma

= laser probe wavelength

r~( r )  = index of refraction as a function of radius

and

= differential physical pathlength

-~(r) for neutrals varies only weakly with ~. and the phase shift t essentially
varies as and is positive in sign. The electron index of refraction is
always less than one and varies with ?~.2. Thus the electron contriburiom to ~18varies as X and is negative in sign. A neutral density of 2xlO Li atoms/cm
would contribute equally to refractivity (but in the opposite direction) as
would an electron density of l.5x l019 e7cm3 at ~‘. = 694.3 mm. Small neutral
concentrations can seriously reduce measured fringe shifts. This in turn re-
duces the calculated electron density profile, if only electrons are assumed
to contribute.

The presence of neutrals could be expected to have caused the loss of
fringes in the core region, r < 3.013 cm. Photoionization losses in this cool
lithium plasma could account for 30% absorption across a 0.2 cm path)-5 This
loss could reduce front visibility and along with small scale turbulence elirnin-
ate observed fringes in the core.

5
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A l-D single fluid , two temperature ?4}~ code with equilibrium rate equa-
tions was run to predict wire plasma dynamics. It showed a very peaked struc-
ture in the electron density profile away from the z-axis during a pinch (see
Figure ~

) .  The drastically reduced interior electron density may be alter-
natively interpreted as a region of a low level of ionization.

The pictur e of the pinched exploding wire plasma consisting of a warm ex-
terior and a ooul , poorly ionized interior appears confirmed .

7 
Electron tern-

perature inferred from the Bennett relation yields 2 ’  eV for Zeff  = 0.55 and
l-~ eV for ,,

~~
. = 1. 0. Since spectra confirm lower temperatures , a higher Zeff

is supported . A refraction code was run to insure that lost fringe s could not
be due t~ steep gradients. All angles of refract ion should have been caught
by the imaging lens.

i~. The second time period of interest occurred between to + 1.8 us and
to + .2.1 us. During this time current was still rising through the electrical
circuit and had reached — 80 kA. Streak photographs revealed a wide , di ffuse
illuminated region with no further pinching taking place. Figure 6 is a recon-
structed interferogram taken during this period . It reveals the surprising
presence of a cloud of neutrals, condensed within a background of a broad , low-
density plasma. Such clouds were consistently observed at these times as evi-
denced by fr inges which were shifted downward, opposite to fringes shifted by
electrons .

An Abel in’-ersion through the center of the neutrals prr-duced the profile
seen in Figure ~~. The index of refraction for LII was computed via the
Lorentz-Lorenz formula)-6 The microscopic polarizability at ~~~~~ cm was cal-
oulatel from the Lii transitions and oscillator strengths found in the NSRDS-

tables.~- ‘~ -~~ Surprisingly low densities are seen in the cloud , consid-
er ir.~ the amount of fringe shift measured . A calculation of linear density in
th is c lou d  s~’;-ws tha only 5~ of the original linear density is present. That
is , ~~~~ o f the original lithium is outside the condensed region.

T~~ presence of the neutral clouds has two possible explanations . Adia-
bat ic cooling of the plasma may occur as it rapidly expands follcw icg a pinch.
A simpler e.xplanation, however , is that the core was never ionized and joule
heating occurred primarily on the wire surface. This latter explanation is
ouprcrtei bcth by (1) classical electromagnetism , which would impi:,’ an expo-
nential current penetration of the wire , due to the fast rising external cir-
:uit tim - n, sri (2’) ~~~ computations of the current density as a function of
plasma rad ius , showing a decrease with decreasing radius.

C. The :‘inal interesting stage of exploding wire plasma development oc-
curred between t~ 2.L is and to 

+ ~~~~~~ us. Interferograrns taken in this pe-
n io l  :‘ina1~~ show the broad , d iffuse plasma that  one would expect , sans neu-
trals~ current has reached ~~~ kA , near its peak value. The plasma appears
as a hoop e~~ anding outward at a radius of 0.5 cm. The simultaneous observa-
tion of a strong olD. L, rim neutral lithium line implies a low level of ioniza-
ti on with the current being shunted alon~ the outermost regions of the plasma .

6 
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Single wavelength holographic intert’erometry of a 1 mu exploding lithium
wire plamas was able to provide valuable information on plasma dynamics and
ionization state not available with streak photography . However , it was liar-
itel in quantitative data extraction because of the unique mix of neutrals and
electrons. Neutral refractivity and absorption prevented complete interfero-
metric analysis of the partially ionized lithium plasma.

Confirmation was gained of several previously unclear phenomena. It was
learned that a pinch as observed in a streak camera corresponded to a reduc-
tim in radius along the entire z-axis of the wire , not just the portion ob-
serve d in the streak camera. Pinches did , in fact , correspond to- lips in
Ii/dt. In spite or the hard diamond die , pinching was nonuni form, implying a
nonuniform extrusion.

Electron densities exceeded 1 x iD~-~ cm~~ in the pinch with gradient s of
— 

~ x cm~~ . More accurate measurements were precluded by the presence of
n eut r a l s .

Shortly following pinches, localized clouds of neutrals have been observe d
in the midst of a low density plasma . Neutral densit ies reached 8 xl)- cm~

’

and existed at a time when the current was 80 kA. No similar reports have been
made in the literature of exploding wires.

Ccmparison to exploding wire work at other laboratories was not possible .
because of widely varying experimentaal conditions . The closest work was that
of I. ~3eftcr , who has performed holographic interferometry of exploding wires
at ~~~~~ rim , and at ~~~~ and zb~~.2 nm.11’12 His energy density was lower
with a peak current of lLa kA and a charging voltage of 1 kV . and his circuit
was approximately three times faster than ours. His two-wavelength interfer-
ometry showed a greater sensitivity at ~‘h~~.2 am than at b’~b .~ cm (unless the

~ spatial scale differed between his interferometric reconstructions ’I . This im-
plied -that he was viewing neutrals rather than electrons , sinc e electron re-
fractivity decreases as wavelength decreases as discussed earlier in this ar-
ticle.

, ~
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ar ren:it: ii :t-iouticn . ~he norTh an: one r : l - ~r :- r :in - e: r a n d  ~ on:-

::= s-elated as is-i e:uati-:n (1 ’ in Ii~ure IT .  Isinc toe  :‘ :-nu st c-f :-::s-oer ne
arr i- .-es at n i o te~ rat expressi n r he -~nrl e oe t r a - : e ro e  by th e  ra’: :s
passes :1’ rs toe outer  ra ilus ~ to I T .  ~y ::st: 0ts-:: one to al o~~Inr ann e
-erie : ajIl oe .2 lol . t shoul : se note I paranthetisall: tn ro’nn:
ate s - i  also oa.-e been used to pt- -:-r;ce e : n a o i - .r.  (

~~~~~
.

:-a -re note of the s ingu lar i ty  in the in emran: of oni: : stti:n . ,:hen
evaluate -at the ristance of c aest appr - - oh , I T , = ~~, a n t he  ~en.:-rt o-o ::-

J goes t ocr- - . dotvi ng th is ioregrat toen bes:rtes the  ‘m ar-- ss oaole  to cb-
tainin~ a trn:taole expression for the -efr icti n angle . -i her t h at  wi se os:
hands as r approaches RB we :‘o~~nJ inte~ ratI:n by aartr rr~ -:i ie a to-s o ele sino
Sc-lOtion . Th :irst note it F’i~ u:’e Il t h a t  I he d e n - o :o in :t :n  na: he sp li t  into
toe rr:i oc t i f  a sum and drf :’erence . only ne tern o f  u h i - : . is s i n o r l a :- . I-’

oho:sing 11 an d  I’ of toe rirts ito errnti:o . the  s in o u lar t:: on
rause~ : i t  c i  to e denominator.  Th i i  po o ess results in a Ienmtnv . :-st r e - i d l y
000nceas-le a- :-rcress~~n as seen atop °im ur e  l _ .

F :- z - r t i o o  ( b )  is ex nr e s s e i  in t e rm s  of no:-’snli:ed s-- i : i - : s - . T . dnd :
from .29 .2 t o  I ratter than from .29 to I. The exrres si :n  :::- :n i : ‘ ~r ::sos
three -irms , each of i~hich is similar sIru:t-:rnli:: to i roo ~s:n: in e

- )  . bot :-;hioh ocatarn both fi’-:t and seson : ier:.- -~ 
--p s  ~ f the j n : e~ ci

- ~~.;,_ - ‘ — ~-~~~~~ --. --- ~~~~~—

- - A~ : ’L’~f ‘II’



- - - - - c :  i i .  . 51 0 + 1’ c : ‘- i: : r t r - t  I ght u w : i  0 . ‘ho -a- a i i  se I ‘,- - l e n :  I t ,

s - i  b :  - :: I h-i :  e ’tn i in-  l:t  i t :  1. ’x of s-’ trot: t ~ n N in ti-i’m:: :~ -Ii s-tn b ri —
‘i n. h - r i  in- I th t ’ ‘i s - : - ?  - o i l  ~- c-  r : I  tt’ riv ,itive :: of ~i wi th - - : rt--~~t, t a .  Ii ’ w
w .-  - ‘ in  pr - o r - - t m  t I : :  t ’x p r e r : o  1 -n ‘- s n I s-o lve  nu rn eri ::d i.v pr - 1 1 1 0  n~ ‘ t

- r : t ’ - - , t b.’ - i n g i  e ‘f :0-I ’s--! ’ t j r i .  A 0 l ’ i r  I r:t_ egr’il :ol::t: : 10 rrmty be 1’—
-r i ::. : ‘ I . - ’ er—s-o ne t b,— i t -al.  pr~~ I i l,’r:,:t,h t n-aver. 1 in t i r e p l - i : r m:i . I i i : : :  tb—

~on :~ no ‘h i t - p - i t - h rot - i i : -  be ci ’rrrpirt eI .

:i. ’ s-.- :~.tr1t :r 01 ’ ~ l r t ::e ‘ i lu:i ‘i t )  On : :  show the r ,- ! roct  n -rngls - to ’ he a ~~~~~~~~~~~ I
i n  ‘f t he  i r o i ’ : r — t  p t  :- ir n t ’ l  or ( ‘t::s-r:rr: i rig ,i ~‘:r r - r t s  i i :  ‘ l . ’~t :: I i’ I f r  I ~~. t _ ~- r : ~

-t ::: r i i ’ t o r i  fun o t  I ‘i t .  h o l i  -i plot I o ::,’, - r- in  .21 ’ Ir  r - e whe re t he  
-

or ’ I - a l pr  -: ‘ - I : :e r r  wa s-  10 . urn w i t h  - i  - r i  f i r - r i  t t n s - j ; i f  l e ct s - - n u
A. .- r i p  s - -  : l r e : r  no , t i : . ’  po- .k lens I ty at the origin - r i p - - r , t I i o . : he o s - i

tv - l o t . -  t h ’it  rn g n i  i C : ’ r i t  re t r a ct i o n  an g l e :  ::hcul I 1’.’ xpCr ’ t e  I wh en  c-n—
-i - I::  - ‘1~ ’ - :  ‘ri I , n n : i t i , ’:: e xce l - rn ’ — t h i . - I of  c r i t i i ’r l .  1,-n:: : I - p .  A1~ ,-rn :tt- i v -I:.’
on ’— ’ ‘- , i t 1~ l : : .- : , - ‘ l  m. ’-ior ireynt’nt of  r e i ’r - : i — t . - - I ligh t  to worl - :  i_- n — k - t n t I n!’er - eak

‘1- I s- ‘~~ i n :: it ii: Leo :1.0:1:1:1 1 ng s- on - c n~~w d e d g e  of t h e  i-a l i - i l  - I  i t  -i but- i On. Al)—
or : r i  in: 1-it iro ns ha ,:. t on the :ornS’ II : I r  I b u t )  on i s -  I ’ )  gri r. ‘ 1 ~ -an- I u i l i t —

I ::g :‘s-.’e— 1:”- i n ’ :e r s -r -  br -e rns - :-- t  r ’ i l i l j r r : r ?  as the absorption m e ch a n i  s-rn r. v e : t lm l
s - f r -  ng - :n: ’rr : L I :  t r i l l  i- a:: path:: when  p e ak  lens  t i ’ s -  ca-a-—. ’ : - ‘ n e — t i n  rd c— nit—

o i l  let : :

‘h i ’  ma 1:: t~ I n i l  W I ’  s-k I - n o ’  here  w a s -  p r i t e  or I n ’rl . F et -mni t ‘ pr i nciple  has-
I . ’ ’:: ~~- . ‘ - I  by :tir , -:- :- I i ’  oeri,- ” - it , a tI ‘-: - t — ~:r - I i ’ r pa r - I  iril - II ‘f. ’renti-il i ’ s - t n t to:: ,

In’-: ion so lve  by u s - i  r:g - t  : - ‘ r r ’,k - .N t c h o l s - on  ‘0 : irr : i i - r .~ n u me r ic a l  : rn n i l v : : i s -
- :‘‘ . Keil:nnn i - f t ir e  Ma : < — P l : i n ’ s  I n st i t u t e  :is- , ’ I P -u i - i a n ’ :: 1I ’rrnu I - i , - - ‘tnt

i i l  ~~- l t - s - L y e  the re::irlti nis I nt- .’g’-- i l a n t  in s-t e a - i l i n e a r - i  n e t  h i : :  , ‘r r : a t i o n : :
- 11 :  ni i _ i -’ 1 1 r- at’! ii r e fr ac t  ii i: ‘i n g l e s — r a i s s i  ng r i tuch c i ’ the n o t  us e fu l I n I  r—

:1. - ‘or ::olutjor 1:: as- a c c r r r . ’ i f i ’  : 1 : :  t h e  nurr ie r ic : r l .  I p c l i n j  iue  w i t h o u t  ‘ he
I : : : . : ’ i :ri. ’ I : r r i r : : , ’r : s : i l  i n t a b i  lit::: pr’’nlemtn . ‘0mb: 11, 1 w i  t b  an I n t er  fe-- i -ot t r ’ i c  I . ’ —
t ’ -:-rr; r o ? , i - n  ~f i - a - I  i _ a l  l en s - i  I v  p r~~I ’ L i_c : : , f b i  s- p: -o+ srar :1 w i l t  prove hii .~hl_ :: v a l u —
‘i b i e  in (1) :oss-,-’s- :n lug r et ’r ” i : f i v i -  :- 1 : 1 r i _ b u t ions  t o  :n’’rt t ereil 1:1 : 0 ’ s-  ene r gy ,
( I ~ ‘: i s - t I r . ’s - ’ - e - l t r c i n ~ -ap er  imontal o r - i - - i -  in ‘ t b s - n r - p t : i o n  r n e ’ r : : tr r e m p n t : : , a i r  I ( - )
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D. AT ~:: L:P~T5 lh’i-)Ii PRO ~kA l-~

Ilto h- -togr-aphic measurement :i iells - phase shi f t s o t’ the laser raIi nitivn

w h i c h  passes t h rou g h  the plasma. A computer program has been written to Ic-
t en s-r i me the lens-it:; of the plasma :j~~ a func t ion  of r a - l i us , by per forming an
Abel i_ n /er-s ion r or’ the phase drift d-ita.

A :n : - i jo r  part of the program involves performing the follow ing integral:

r1, t ’~~( x ~~1x
f (r) = - 

-t Jr 2 2 1-’2 
( 2~

(r -r ) -

wher - e  i~(a) contains the input data known only fur discrete va lues ‘of x. The
p- s - t i -  n or’ the program which evaluates this integral is itself iivide-l into
se’.rer l  portions . Each portior~ of the program and the program as ii whole were

—se t- I :‘le i using test data which could be evaluated analyticaLly , thus deter-
mining the accuracy of the calculation. The first portion of the program fits
the I:itn w i t h  a cubic spline and hence provide s a mer r ,ns of in terpolat ing be-
tw ee n  l’it-n points. This spline consists of cubic pclynornials which t’it the
Iota fo r  each interval of data and are chosen such that the piecewise cubic
func t ion  h :is a continuous first derivative . The second portion of the program
c a l cu lat e s  F f ’ ( x )  based on the values of f(;~ + tx) and f’(x - ~: <) r r o sid e: d by
interpolations . f”(x ’l is oalculated at the values a t’ a demanded by the third
porti:- n or the program. The t h i r d  portion of the program evaluates tue inte-
gral (2) using the trapezoidal rule together with Romberg ’ s extrapolation
met hod .

The calculati- - n as a whole is accurate to approximately l~- . ThIs i c-cu:--
‘ ic - ,- is ,:ens-itive to the input data. Functions which vary slow ly t’or values
a s iL i gh t l y ’ larger than r ‘ire especi:slly subject to error- , since errors in the
:olculation of t”(r) are relatively large and are weighted heavily . For such
funct ions , the program output must be examined closely . a n d  the lower input
limit ‘f integration must be increased from the value r to some va lue r
fr~ r- which f’(x) is well defined .

p

1-
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E. ~ECI~~N OF A FO ’JR-SURFACE P ,E SOIdANT- REFLECTOP : APPLTC ATI°~i C- F
TRANSMISSION LIN E T:€ORY TO -IPTICAL RE SOME~TOR A LALYS 2

A four-surface resonant-reflector was chosen as the best means of increas-
ing the coherence length of our ruby laser to aid in performing holographic
interferometry. The reflector narrows the bandwidth of the output laser light
by ‘icting as ‘s variable reflectivity output coupler, replacing the laser front
m irror. The design of the reflector or complex etalon entailed choosing the
thickness of the two glass plates involved , their spacing from one another ,
and ~eterm inirig the proper index of refraction of the glass. The front and
‘ear sort-ice of each plate comprising the reflector act as a series c-f ‘Ii-
electric surfaces from which reflection and transmission will occur . Naive
sc:l-o’ ions for the E-field components of a normally incident wave result in a

- 

- 
tedious series of matrix multiplications (cf. Born and Wolf , Principles of
~~tics r and is the approach taken by Inany.19 21 A more physically appealing
approach was to utilize the concept of impedance and impedance matching at a
boundary . We treat each interface or each surface as an impedance character-
ized by a particular permittivity and then transform that impedance back down
the line towards the source to find the “effective’t input impedance. This
final impedance contains all the information about the multiple reflections
between interfaces, and the series of resonant cavities appears as a trans-
mission line.

Kirchoff’s laws applied to a distributed parameter analysis of a trans-
- - - - :r~issi-on line yield wave equations for the voltage and current called the teleg-

rapher ’s equations. These are expressed in the upper half of Figure il~ with  a
sinusciial time dependence assumed . V÷ and V_ refer to the incid~~t and re-
:‘lected waves, respectively; Z0 is the characteristic impedance of the line,

nd is the propagation constant. Similarly, if we assume we have a plane,
polarized wave traveling in the z-direction in a linear , homogenous lossless
medium without sources, this also yields a wave equation whose solutions may
be ex-nressed as in the lower half of Figure i14. We define -i as the character-
is-tic impedance of the medium and frequency information is carried out itt 1K.
the propagation constant. The analo~~- is continued in Figure 15. As the re-
flection coeffic ient is V+/V_ in the transmission line case , so we dejne it in

terms of r1 in the plane wave case. (Note: load impedance , ZL 
- ‘I

I+-L.
The input impedance ZIN at a distance L back from a dielectric interface is
computed at the bottom of thie figure. Hera L1 represents the optical path
length in the medium.

In Figure 16 the entire process is diagrammed. Assuming light incident
- 
‘ from the left, the characteristic impedance of each medium is given by ‘~: its

thickness by L. We compute the input impedance at the n-l:n-2 interface by
t r a ns for ming 

~~ 
back through L~~1 and so on until we compute the effective

input impedance at the first air-dielectric interface. Then the amplitu le
reflection coefficient is simply given as 

~totar 
i-’avelengt h information is-

11
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I ‘~:i~y ~~~~~~~~~ an

F- -c ’s -i -u s - s-t a  l ies  in th:s i’uo :;- r-mt ry have shown I nt e n se  continuum r ’~ I
t on emana t ing  fr- -rn - the expi- - Ic-I  wire plasma lu r in g  the  t ime of plasma ccnt r--im -
t ion . sr “m~nch ,” time . -I c-imputes- calculations or’ the plasma l yn amic s  ha re in-
lic’:ted the electron temperature at these t imes  to be between 10 and L i e’J.
Tur Stan-dir-i line r at i o  t empe ratu r e  measurements were  not -~s’uole and therets s-c
m:-::-t of our experiments were d’ ne -it plasma temperatures of about eV. As
the electron dens ities in the “pinch ” are expected to be about 101~ per cmi ,
the critical density for I°~ laser raJiat ion , this is an extremely interest-

- ‘  
ing region to stu-d~’.

H an attempt to urm -lerstan -i this part of the plasma , arm expe r imen t  was-
ie ’.’iseo to extm--ict the temperature. A wide-band spectrometer -sas used
(> 200 T A~~ in c-on,l uncti-:n with an TIBS calibrated tungsten filament, an imp:’-: -re i
:nric-:-o ±ensitomneter (range 0 to l.~ dens ity), and an improved optical imaging
s:,’smem to -allow a faster streak (2 ~is as opposed to 20 ~j S ) .

yith the imrroved e-;uipment . we found that all cont inuum regions still
h al Lines which could be extracted . This discovery was the result -tf an im-
rrc ’;ei micro-densitometer which showed that earlier photograrhic studies were
ssinc overexposed films in the continuum region Analysis of these l ine s
s-how e I the f- :-l lowing:

1. Temperature at “pinch” time were about IT eV: in the line
region immediately prior to a pinch the plasma v-a s foun d
hotter than in the middle of the line region (between
pinches).

2. ensities were found to be about 5 x ioi8 cm 1 
-

~~

. Agreement was found between line ratio an-i line to con-
t inuum estimates of temperature. Again , th is w as the
re sult of improved microdensitometer tracings . This in-
floated the likelihood of LTE between external and in-
ternal degrees of freedom.

(

—
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?m. ev~ - u s  in-i c s t : g a t~~otr ra this laborator’.’ his i n r ~ c ’ite-i t hat  at tne  t:me
1’ r:nc:::ri~ in the e x T L - : i n g  wire p lasma , spectral Lines are s- .’er-qbeLme: a-,-

‘o nt~ riuum rlism’a light emiss ion . mka:ng temperature :etermmmination °:s- ratios

line ~ntens-ities ‘it tao t i m e  of pinch luite difficult. :his emission , due
- -a-oceLer-:t:-sri of :‘ree ele-strans in the coul -o m im f ie ld  of ‘Jtn :um ions , gives

rise to the bremsstrahlung con t ranum , whose spectral ristributi- :n , is -
~ well-

-m own :‘unction of electron tenper:ture.~~ ~y exam i r.:ng the spectral distribu-
in the energy regime above the last jomiza-ti-o n po tential f-or lithoin , cni:r

s-nr s a s - em s- s s t r ah lu r~ emission is seen.

As p iL-~t st-u-I’,’ to -determine whe ther  :‘:-r ’my energy sufficient for :ia~-
aos-t’, sS w as em itted from the l ith ium exploding wire plasma , ‘a rm ‘:-ra:,’ detec-
t s -n  was :cntructeu utilizing the principles outline-I by Jahoda and others.
Ihe :etec ts-r  ( Figure L~~) v-a s momp c se l  -or ’ a t am ( 5  to ~~~~

- 
mg ’cm° a lu m i n u m

w i n m o w  fol lowed by a t h i n — f i l m  ( l .2 2 x l0 2 cm) plastic scintillmitsr
(Jl- ’.J i) :~ ti al y coupled to the entrance window ~f a photomult ip l ie r  tube
(~~CA--~~~~~). A c e rt a i n  pcrti r .  of the X—ray  spectrum emittec I r on  the  p lasm -~ .
-:s deter-mined by the absorption cross-section -i s-nd thickness of the :‘oi viniow
and the ti::m-film scintill-atcr , entered the plast:c .mc intlllator. 

~~~- s - i s - t I n : .--
tac output of the rh -s tomu lt i r l ie r  tube which temporall’,- resolve d K- ray

enus s :-s - n :c setter than ~~ rrsec , a record - of .K—r-r~- em:ss~ on versus tame v-a s
atnine-: . Furthermore , by charging window thic -rmess - armo 1or material , enerz:
:n:ormat:on was ob t a i n e d  and was relate-i to the electron t empera ture  s:’ the
pl:msma . lust behind the foil entrance window to the detector was p1-ices- ‘a

~ T-G J :mm a~ met to reflect any charged particles that mi~~ht enter the scantil-
Jor t o r .  ‘he int e r ior  of t he  letect-o r v m s  evacuated to -m pressure of less-
dl milliTorr to prevent attenuation of :(-ray s mr.  the  w ay to the i e t e - st - : r .

:0 :rterpret  the results and pr’~~~de energy in:
’- s-m m - m a t i cn , a os-ms -ru em -  ‘
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m m - - ins- lL’ . I . to L~~.0. Ih is  y i e lded  -an electron temperatmn’e at tim e of pin c h ‘
~~.

c ’ -. , m--c: :c : s -m g fm ’cm - to 1”~ e ’.’ ( Figure .11) ’)

i:i -~’is- 1g s-’t’~’j I ’a t ’  t r .~ t su ffi c i en t  x - r ay  emiss ion  os-c-irs- :‘resm the cal l m i :o
ri m e  s-lass -s-mt to msm- - ’vi -ie a :s-n;efu l -li’mgnostic , further w o r k  will inclu-le using a

t i e ’— moteotoc- system to s-me asure the temperature more -c ec um -at e l ’ ,- an - i  as a Z’unc-
ml o:’ tmme mis the pins -s -li evolves. -To verir~’ that ~he emission has occurr el

s - n- -mm: a i’m my’,rell Ian is - :’tc-imm ut lot s-, se’,’erma l ratio measurement:’ s-i ill be made with a
-r i  n o n ’  m ” :ms - g t - L I

’ to il t h i s - i s - m s - e n s - s - e s .  If all ratios i neliomite the same temperature ,
L-::e m s -m e . oelie-s-e that the :-,-s - s- ,- spectrum was in- iced Maxwelljan. The j nw e st i o ’m -

i-s m: is-as-: suggeste l that enough :1-rays must be present for imaging with an - -

m ’s-:, s- : ts-aOle c-ums -er”i .

: i : c v i m s - c  s- e m ’ s- :11 e I detects-a ’ op e rat i o n  by observing X-rays from the em-s-plo-i Inc

- 
I -~ i m - e , it ’ s-s-c’ i i f i e I  the <-ray  detector to l i t  onto one of the fcur arms 01’ the

‘ -is ms - :- s - h target chstmoe m~ to determine whether an X-ray continuum was emitted b:’
m s - s  , 1-s-in ’h s- las -ms - s - i. Ibis was -icne b:,’ removing the tube between the t’oil w i _ m m -

a - v - ems - : the so mn ti l :it- -r shown m a  the  r ight  por t ion  of the .Iraw log of the  Ic-
o-s-t  r’ , ms-os-lag the I ii window much closer to the scintiltator mi nd ph’otomul-

~~p len ’ t.ubc. Tnfom’tummately , since the detector was sloser to the :—pinch
s- a .- -h -cc- ce t m : m m n  it s - is - c ..,’ to the exploding wire , the l e tee tor ’  became a p ath  to
c’ us- I b m ’  the l i s - sh ar c e  current , impeding evolution of the plasma -‘an-I pro-

s- - ms -c ‘er’,- s-u .msl ing  s ignal s  on the ie teotc ’r  output . To p - e v e n t  this , the
. e n i o s  f e t e ct -  ‘ c- c ’s-se v-i s s-uhn :e neatly jsis-b’it ’~ 1 fr-cm g r - ou n  I is-’,- mis-inor re lt’n: i_ gm :

i s ”— i:s -n m _ nL - eti _ .-m:.

L - - -s-e s- b un ’ ~-r - e s  cs - s - t i _ s - S t  rs - f rom the I-pinch plasm-a using ad- ~~in -~m foil
-i s- ::) n :‘ m n m - m ’. c:- ~ m ’ - -o mrc 1. -

~ 
-n , , - ms - m s -~ to . b~s- mg - cm— . .~e also ‘attempted to t ake

‘ - i r s -  :b s- o s -b~’n ’ nm , s - c/isO t ran sparent t- -~ boy-energy X-rays . by evapora t ing  b~~
- 1 m s - m s - n of aluminum on 1. 1, mg ‘— ‘ma -- polyethylene . Thi -~ m: ’ove .i unsuccessfu l .

as af te r  ev’e:- - - r - t i-on , the li, s-nm: . ms -s- s-r im layer’ was marred w i t h  small p inholes  w h i c h
‘a l l, w e i  lIght m’s- mn the I i s - , m lmm ic ’g e to reach the photomultirlier tube . gIv ing
‘a n - m i _ s e  i _ : s - i i - s - - m t i  - s - :  - ‘:‘

1 m m ’u r t m ’,em ’ Lowe :’ e s-c- temperature ,Ietection t.hresn -l -m , then , ‘re purchase -c
,s--nmme s-.’n’s’Llja~s- t o ll ( . .7 s-ag. cm ‘s-m s- i .:.~~ mag cm-) s - m r  s-nO ’:’ es- ti e” \— rav w ins -- lo w .

lime ms - er : l l i sus -m ‘,rs -s us - -u ite b r i t tle  and ~ne foi l  was  sIl,nht- 1’,’ n . -nrnaged by ac:’-.mst to

s- s - s - ss - :‘m’ -’ :ni the -Iischs-mrce.

Ins -it lal results were plague d by l ight leaks ins - t h e  1:- l b  ann r i c k s -m r  en ’
P elec~~m- - ms-m:cc :s - et ic no ise  s- ’ n -  s-n the discharge. The b e - c s - s  and noise gmcve time m i s - i s - —

le- ’a.i r~ i s -ms -pre ss- i on that .  . -c’a bursts were emitted. As ‘a c--tnt r s--L  check , we
.:eL,’c jyol’,- ms- locke I s— :‘-i’: ’r’evelen~~ hs from the f o t e c s - . - r , but. not optical wa , e—
L,-’mmgti;s - by cover ir s - c ~1s- t’ I’ I l .r Lfld Ow with class s-I’ s - e i n h ’~~~1 -nt tin ickrs-es s t - t

l 1. -o k - — s - m i s - s  up ‘a’ l~ keV, lIme subseccuent .:—~s-~ s-~~s- sl mct: : , s : s-ce the ,’ led . Ic
- 

- l”t~-’ct- ’r rulses oims i mm m to those prev ious , in d i c a t e  t h at  r la s - -m m a l igh t  mi s - s - a
d es -tn ’ -rn:ccrme tis ins-ten - l’ec’o:s-ce were civing false irs-ri s- c- c t :0mm of k — i - ’ m s -~’ pulses .
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To rpeiuce the appearanc e of electromagnetic interference from the ds - Is-
.‘hni r,s-e sn the letecte. r output , the high-voltage power supply for the detec-
t, - m - - ~a-s nove l away from the discharge and placed in the shielded screen room
vs - tIn ‘he tiri s-ims -g electronics. Also , additional shielding was placed on the
metect - :m - , and the signal wire wi th in  the detector was replaced wi th  shielded

11 cable . n addition , a method of visual inspection was developed that
-tlbcw e i letection of pinholes as small as 5 wn diameter.

Subsequent experiments with  the foils mentioned indicated no X-ray emi s-
sion fr o m  the plasma within the energy domain of our detector, Using the ab-

Lute calibration estimate described earlier , the results indicated an upper
‘‘bemtr s-r : temperature bound of LiQ eV, This upper limit is reinforced by a
. -o n :rs - et t  relation calculation of electron temperature for an equilibrium pinch ,
as - s -  cy -i laser pr-:be absorption experiment , both of which indicate tempera-
t u r em s -  bowem ’ than this.

We looked f-’r X-ray continuum from the plasma when the high-intensity CO0
1-is-er was irnci.iers-t . The focal volume of the laser was much smaller than the
p-:r’ti’n -of the plasma viewed by the detector , so a large temperature increase ,
ab out 11’O eV , was neede l irs - the focal region before any observation of X-ray
cnnt~ nuum was expected. No Y-rays were observed in these experiments, again
r ru ’.’i i i ng  an upper bound in temperature, but no insight into heating.

-3enerally , even the lack of observable X-rays proved to be useful infor-
m m :at io n , as it allow s- am opper limit in temperature to be set on the Z-pinch
plasn-ma . This knowledge -s-f a low t emperature is ‘.-er:,r important in our present

in  CO D radiation - plasma interaction experiments, as it allows us to
match some experimental conditions of the large laser-fusion laboratories with
a more modest laser power requirement.
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~R ,I,F AREA DETECTO R STUDY

There continues to be a considerable problem in the study of the intensity
distribution of 10.6 ,~ radiation as a function of space at intermstities too low
for the use of exposed polaroid f ilm and thermal sensitive paper. Although the
liquid crystals are caere sensitive, the procedure which makes use of normal
photography of a liquid crystal does not provide the time dependent information
which one would like to obtain due to the slow response of the liquid crystal.

In order to make use of the greater sensitivity of the liquid crystal and
I’et to obtain a more reasonable time response, we are attempting to put together
a 10.6 u detector by using a thin film of a cholesteric-nematic liquid crystal
mixture. The method would make use of the dichroic nature of the material and
the result of localized heating of the material by the laser beam would be ob-
served by measuring the rotation of the plane of polarization of a second beam
of visible radiation passing through a film . This method has been used as a
sensitive temperature indicator30 but has not, as far as we know, been used in
our application.

~e have done some preliminary experiments using a crude thin  fi lm placed
between two polarizing plates and have observed a temperature effect. There
are some techniques of surface preparation31 which we are learning in order to
make uniform films which will be tested with the laser beam.

The fundamental absorption of light in a semiconductor occurs when the
energy of the photons is great enough to move electrons in the valence band
to the conduction band.32’33 It follows then that absorption occurs for

hV > E~ - =

where by is the energy of the photon, E0 is the energy of the conduction band ,
and E~ is the energy of the valence band. If the photon energy is less- than

then it will not be absorbed. Therefore , at by  = there will be an
aosorption edge. Since E

~ 
depends on the electron temperature, the absorption

edge will changeyith temperature. In 1958 Dutton3L reported this effort for

~dS. ~‘ieider35’3~ applied this to study heat f low in a film s-~f a).uminuin.

We felt that if a thin film of CdS could be heated directly with a u ser .
the temperature rise, i.e., the change in the absorption edges , could be usel
to measure variations ins- energy output of the laser. A practical use for
this v-s-ui-i be to build a large area detector to be used to study the spatial
refractIon of the laser beam as it passes through a plasma when < -is ( o f
the incident laser beam~.

The thin film was prepared by vacuum plating the CdS onto a cleaned
3-1 b_ j~ • x Lc~in. glass plate. The plate was cleane d by first washing it w i th

18
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Micro Cleaning Solution and water and then r insing wi th  acetone . Then it was
so-ike l in a weak aqua regia solution to leach off any surface impurIties , and
:‘im ~lly rinsed with -dIstilled water. A small electric motor with gear assembly
and rotating shaft upon which the plate was mounted was assembled in a vacuum
chamber. Rotating the plate dur ing evaporation ensured a uniform coating of
the C.IS. Evaporation was performed by placing a small amount of the powder
in a size 00000 precelain combustion boat and heating with a filament of 20-
mil tungsten wire. The thickness of the film was determined by weighing the
plate before and after coating and dividing the weight of the deposited CiS by
its density and the coated area of the plate. The thickness was 9500 ± 600 A.
(~e’ote that there is question on the density of the film .37) Extreme care was
taken to keep from touching -the plate with the bare hands to avoid grease and
moisture contamination of the surface. It should be noted that the toxicity
of CdS is extremely high, and great care must be exercised when handling it to
a;oid inhalation or inJection.

Figure 23 shows the detector arrangement. White light from a 30-amp ~.5
Volt General Electric Ultraviolet Spectrum Thngsten Source was apertured , sent
through the CdS film and focused onto the entrace slit of a Dl87 Hilger and
Watts glass prism monochrometer. An RCA 931A photomultiplier tube was used- to
monitor the light signal. The voltage divider current was 0.91 ma. This re-
sults in an anode current to voltage divider current ratio of 0.91, which is
in the linear region of the P.M. tube.—’8 The anode current was dropped across
a resistor to ground , resulting in a voltage signal that was read on an oscil-
lcscope connected in parallel with  the resistor . Heating of the film was per-
formed with a pulsed 1/2 joule TEA CO2 laser, For the pulse shape see De5oo.39

Variations of the absorption coefficients as a function of temperature
w as studied by placing the plate on an open ended metal box that was wrapped
with heating tape. For this particular part of the experiment , the light
source was from a Beckman 09 spectrophotometer.

The relative transmission vs. wavelength for two temperatures is plotted
in Figure ~~ Figure 25 show s the transmission of 5100 A light through the
film as a function of temperature. From curves like Figure 25, 5100 A was
selected as the best wavelength to be use-i . It should be noted that electronic
noise was dominant in determining the error loss in these figures. This
relatively noisy light source was the reason for changing to the F.E. Ultra-
violet Spectrum Thngsten source.

When the CdS is heated by the laser , the change in transmission produces
‘a pulse from the P.M. tube shown in the lower trace in Figure 26. The -s-pper
trace -in the scope is the output from a Gen Tee Joulemeter (0.1 millijoule -

2 joule sensitivity) place d behing the laser. (The rear mirror is ~8-’~ re-
flectirig.) This is included in order to monitor the energy output of the
laser. Each division correspor.ds to 0.2 ± 0.05 joule. On the lower trace each
division corresponds ~ 0.2 ic-It. The sweep on the scope was C.l/msec;cm.
The signal to noise to lt :b , ‘and the rise t ime is 20 ~,isec . Table I gives in-
formation pertinent to taking the -data in Figure 26.

19
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TABLE I

E~UIP~~ NT I~ FO J.~ATI0~ FOR TAKING DATA IN FICURE 26

Entrance slit 17 ram x 0.32 .‘am 
-

Exit slit 20 nun x 0.18 mm
P.M. trace 0.2 V/cm
Joule peter trace 0.1 V/cm
Oscilloscope sweep 0.1 msec/cm

- l/Z~—in. (D) hole placedAperture 
9 cm behind the film

The signal vanished when : (1) the laser beam was blocked, (2) the tungsten
light was blocked , and (3) the entrance slit was closed. The energy density
of the incIdent laser beam was measured to be 0.12 ± 0.05 J/cm2. It was de-
termined that the damage threshold of the CdS is be tween this value and
3.5 ± 3.1 J/cm2 .

Traces like Figure 26 show that this technique is promising for use as a
laser detector for energy densities on the order of 0.12 J/cm2 or less. The
light source used present ly runs on a.c. current , meaning that a high-pass
filter need s to be included in the electronics between the P.M. tube and the
scope to suppress the 60-cycle signal. In order to further improve the sig-
ma:. to noise ratio , further experimentation will inc lude tryIng different
combInations of aperture , entrance slit , and exit slit settings . An Argon-ion
laser is also being considered as a light source sinc e it would give a clean,
intense monocrhromatic light beam.
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I. DIA~~ ND OlE

For some time we have been using an extrusicn method to produce a fine
lithium wire prior to explosion. This involved extruding lithIum metal through
a 1 nil diameter hole in niolybedenu,m metal. We have fe lt for some t ire that
the lack of reproducibility in our experiments might be part iai ly  encp la lne -I by
the fact that the aperture in these dies grow s rather rapidly.  A searc h for  a
new extrusior. die led to the use of a commercially purchased -I iamor s- -d di e . Al-
though the die must be cleaned after the extrus ion of abou t  s i x  w~~r~ r , ~he

~1eaning procedure is rather simple and will allow ~s to make n- -re sns-~ t o  ~er
day than was possible wi th  our present system .

L 

*?irchased from Lithcoa , Inc .
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:he-~ -etica1 Otu-lie r -it ’ high 9 e:-~ lo-:irs-g wores~
0 has prcns-rte the s-c ;ei- a-

s-tent of t n ‘ap r-ar ~tus (Figure 27) to exp lo- ie se -er -t i  such wires ( .  9i i r s - .  ~i’an s--
eter) ins- s-accession, w i t h o u t  pumping down the e :crer :rns-er s-t ’al ch — ~s-n~ er to air. The
w~~:-e is -i tt a c he :  t o the or ass  rod or “pusher ” by a r -~ca: ng th~ ~~re as -- - c n n
hu~ oed end ‘and sealing the connection with glass ol wing was - - : , The —? - :t r t o Y  ~rs-
o a e r - - -t t i -o n, consists of depressing the pusher while maintaining a large .
able  on~tentja1 (5 -29 EY ,~ between the ~.‘ire ‘an-: the lower eiectr- :-ie , t rocs toe
w i r e  is p u s h e d  and a : le i .  The wire -affixes i tse l f  upcr . contact w i t h  the
1 s-wet- elect r- de. Elects--ocal contact with the cares-- electrode is na - s - c  by oar-
:“ac~ :ont - nct in the trs -in cha nnel. A f t er  f i r i n g . ‘a ccnbi r ,a ti on  of rotation an:
ru sh i ng releases the wi re  it-. the channel and the process is repeated -a n s-t i l  the
wire is o0nsuanen. This s -a e r a t i o n  has been successful ly  applied to - ~1 in.• t-angsten w i r e  y ’aelding ei~nt shots per load ing  at 2 in.  per shot.  This  ie icc
is :-arrently bei ng upgrade.d to use a -zar :ety of materials  tha t  s-s- a ve seen ‘a:-

:s-~:red : moivb ienum , iron , and a luminum,

The imaging of metal l ic  exploding w i r e  a las r s-s-as with soft -I-rays (ens-crones
les: than 5 key) is a r.on-trivial task. io refracti--e -optics exist for these
-:-ra’,’r , one must eromloy either very basi c imag:rs-g techr,iaues (e.g. , pinhcle

-or diffractive techniques (e.g., coded aperture imaging—Fresnel zone
alate). A further complication results fr-on the high attencat:cn of these
cmi:sicns by ‘all. maternals incls-nding air. yith these observations in nr ,irs -s- a
rrnt-:ts-pe :K-rav pi nhole -zamera was constructed (see Figure 2 8 ) .

the protot~~e camera was open to the vacu um chamber and ambient li~~s-t.
The fi lm (Koda’c :;o-Screen~ was wrapped in .901 in. s-tIcs-sins-zn foil. This pro -
tectel the fiLm ft-cm the light. Aluminum was chosen because it is reas-ily
a : a i i ab e and ins-e :-rn~ nsive . Experiments carried out with tungsten wirer dens --

no t ra t ed s- hat to collect sufficient X-rays f-or image f-ornati-: rs- (i.e., in-
:rease pinhole size~ spatial resolution was a dismal 8 s-ron .

— As a result of the experience with the arotot~~ e camera , -a new p inhole
s- as-tern (Figure 29’ was iesigne i and is being constructed with several ma~ -or
imarc -~-ernenos. To e , the camera body may be evacuated ins-depeadent of the oh-s-rn-
her resulting in the ‘ability to use the wire loader ’ s multiple shot cap -ab il.-

more f-oil:.- than the prototype single shot camera. ~~c . the camera bndv
is Thght tight : this eliminates the need to trotect the film from ambient
and plasma Ii~~s-t .  At the same time , this allows the use of foils t h at oc--er
:02:,- the pinhole , thus fulfilling ‘a s-cal fu n c t i o n  as a vacuum an,J lic s-t i r h t
seal. The smaller size cf foil require-i alls-ws one to use more ex- -ti : ars-d

thInner foils , e . g . . beryl ,ium and nickel. The 1-rays are aotenuate~s- less .
tb-ac —ill-owing the use of a smaller pionole an: improving saati’al re so Toos -i~ rs-.
A sins-pie es--s--m ale illasts-”~tes this fact:

-
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x = .001 i n .  i~e S~ Al foils I/I, = exp ( -upx)

= exp(
~L A 1P kl x - = 5 . 5 x l ( Y -  cm

~
-/

~~11 ~~~~~~ ‘~~~

LL A1 = l .9x 10 ’  cm~~’~~nJ
= l7.c3 -

~
0Be = 2.702 g/cm

~Be = 1.85 g/cmS

Ein’al ly,  the camera con f igu ra t ion  is easily changed ; the pinhole to film -~rt~
pi ns-hole to plasma -distances may be varied independently along with the pinhole
t i - ime-ter , the ~evice ~s adaptable to coded ‘aper ture  imaging by repl-ac s-,n g  the
p~~”ahole.  This renders control of resolut ion, ma gni f i c a t i o n, an d p ar t  of the
pl a sma that is imaged to the experimenter.

Concurrent  with the ~ievelopment of the X-r ay  camera , other diagnostics-’
‘it-C be ing s-assembled. For temporal plasma temper ature measurements of tw c- fo i l
-ib sorber-scintillator-photomultiplier combinations have beer purchas~-d -and -are
being s-assembled. Simultaneous measurements of  ( ‘I-ray emissions through two ~is--

ferent foils enables one to infer the p l u s - r n -a temper a tu re . This work  is an ex-
t ens ion  of s-a pilot us -ui -I:,’ b:ne with a single detector.

laeetral in f r - m s - i t i a - ns -  wd Il be - stained f r -ni a recently purchases-i X-ray
:rysta I ( ~a~ i) that will he’ t s - s -- o- a - p - r a t e  in a : aoct r ometer .

CndJbr a tion  becomes rn 1:np ortrant -~u e ot i o n , especia ily when one c - n o i  ~es -’r
the crystal spectrometer ‘us- I the inherent nonlinearities in No-Screen film.
‘~o approaches have been chosen,: (1) the construct ion of a coil cathode sof t

(-I -ray source~
2, and (2) the purchase 01’ an alpha , dhb cm , excite-I flu- rr-rcers-ce

s- -n-ne (isotope Products I s - ib i s - a nt  r i c o , hu t ’bank , Ca l i f .  ) .  These will be ens—
p1 -ye-i to calibrate ii-aono,s-tics.

- -~~~~~~
- ~~~~~~~~~~ — ~~ — ~~~. 

-
~~~~~~~~~~~~~ - - ‘  -— - — -— — --— - - 

~~
- -



_ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~ L.L 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I iii~~~~~~~~~~~~~~~~

s-a . LIST 9i- ’ 1T~ i~i-’~rr° AN D ps-
~~ TEC rf PARTIALLE s - I ‘ Is-PD RTE D bY IRA T~’T

I,. Thomas Plue , “ D h s - a rga ’ - i  Par t ic le  Measurement s-n  fr - rn -an  - xpl-o-i e i  W i r e  P1- s-sos -s- a ”

(M. I .  Cand i- l at e )

Wayne  Zeuch , “Prototype Proplylene Absorp t i on T e l l — k ns t r u c ti o n  -and

~‘es t ing ” ( M .  S. i~an~I i - l a t e)

5. D -avi - I Brower , “Cons t ruc t ion  o f ‘a U.V. Ionized CC1 Laser” (s-Jn ier~ ra Ius -it~

-~~ Project).

I. Monte Fowler , “ CIl~ t - a u € i -  Electronics” ( Undergraduate  P ro jec t ) .

- 5. ~-~ at . t Lambert , “Wave-i luide Laser ” ( Undergra duate Project ’
~.

Albert ii’arson , “Large A a-e-a C O s -  Detectors ” (~-i.S. Pa- - -h lec t) .

7 . Kenjiro T:ikeshits-a, “Numerical Calculations of Exploded Wire Plasmas”

11 

(Senior Fr ’ject ’i.

Paul Rockett , “ Pulsed Holographic Intert’erornetry of Hi gh Density I -Pinch
‘an d Expl ’s- l e d  Wire Plasmas ” ( Ph . D .  Thes i s ) .

. D~ n,~~-~fl Steel , “Intense CO s- Laser Interact ions with a Dense Helium T-Pinch
F’l-asmu ” (Ph.D. Thesis-n~~.

- 1 ‘. John Aekenhusen , ‘Crit i ca l  Layer Penetration in -a -Told 9-Pinch Pl sor-a by

u g h  Intensity CO s- Laser Radiat ion” ( P h . D .  Thes i s) .
Ia

-f
k - .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ J



r 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I. PAPERS AND ARTICId:s-

I. “ ‘
~pni ‘‘a t - i ‘at ot ’ T ran s m iss i o n  Line Theory to -Cpt~ i cal Rest ’ns-atas-a’ R : s - o l v r  i , 

- ‘

1 -‘an- I P. P. TTn ’~ ket t  . IEEE s- ’onfea ’enc p on Plasm-a Ic i as-ce , Ann
a- s- - -r , Mi cIs - ig s - arn , May 1.— las - . 1-17’ - .

-, C i v  i’r”ac i ng :‘hr~’ugh a Cold , lou is ionles as- Pt -arms -a , “ P. D. Rockett anI J.
:s - . :‘~‘:‘a ’a . IEEE Conference on Plasma Science , Ants - Arbor , 1-i ich i gans-, Ma y

-i 1~~~1o . 1

“ : k ’lcga- ’aph ic In t e rfe  on-s-e t r ic  I et e mr n i n ’a t i on  as -t’ Electron P e n s - s - I t;.- P r - - f i  les
s -n -an FI s-op ’Lc -I i :s-g L i t h i u m  Wire Plasma ,” F. C. Rccke t t . Cu l l .  Am. Ph;.

~~ 
l~T~ ’ - (i, t ” a )

~~- - - “k>zta-’acting ‘enls - s - i ty Profiles from IT—Pi nch and I.Ixpis -’ i i f l ~s- Wi re P lasm -as  a -

Pulsed HoLn -~ n’uphic tnter t’er-  anetry , ” P. P. Rockett . 11. R. Izich , ‘and E~.

Steel .  b u l l .  Am. Phys. Soc . 21, 10241 (l°h- h).

7. “ Pcaictr ’acti on of - an - s - a ’erdens e IT —Pinch  Plasni:-a by D i c h  Inter,s its-- s- Is - a s - s - es - -
I cht- ” ( 1. s-I . Ackenhusen , P. P. Roc ket t  • P. ~. s-Cs-ce 1, an -n C. R. b-us -h

P i per pr es-a t’n t c-l  s-it Sevent h Annual  Anomalous -\h s- ’oo’p t i -  -a T s - n! ’a - r , ’a s - c ’ ,
-~ A t - b - a ’ , M i c h i g a n , Ms -tv l°’T

as - . “ rnt ens i ty is- ,- ’as- - n l e t s - t  ~~~~~~~ u s iOn 0!’ i s -  a -P ad 2 -i t l’s :-!s-~ ai ls - A ‘cT
a ’ as - nra ’ — Pj nch P ls - as - n rnni , “ J. I . Ackenhusen - an - I  C - C. t ’ i~~~ h - s- s-all —‘On -  Fls-yr.

s - s - s - - .~ ~~~~~ i.:o’ - (1°’:

- 
- U. .-\;-;T:CrEI

~L. “ Abs o rp t ion of  ‘- s- - 1 is - s - ca ’ C i - l i a t i c a s -  in ‘an Px11- - ~o i 1 i t s - i s - s - r n  W:s - -’ - 1 - i s - s - s - s - n ’ , ”
- 

, T , ~‘ . ‘s -~u0~ and P. R. - s - s-ash. 1. -i pI . Fh:,’s. -i’ . :1 -a- (i -7 ~~~.

*2. “ 1 nt s - a ’ ns - s -  i tv Depen t en t  Transmi as-s s - as - f l— s- . ‘- - . a’ as - C-a I at  i- ’as - l ’ l i r s - ’  ohs- a a
-
~~~ Dvea’ lens - s-c l i—Pinc h Fl’as - s - as - a - a , “ 1~ A s - -ia’tiliias - s -a ’as- - t i - - a  C. C. - s - a ’ h . s - a s - I l .  In s - . .

- Fhv s-s- . b c .  1 . 10’- (11:7 ’ .

~~~. P’ t i i i  C. Rock et  t- . bIn .  ‘. T2i e s - : I  s - n , ‘‘ ha ’, s-:e-l I~~l ~ ‘‘ a i d s - I  - - I nn s - a ’s - ’i ’,-O - ns - a - t a’’. s - u t

- ( cans - s -  I by 1—Pinc h s-ta d Exploding WI a t -  P is - as -~ n - as - s - ’’ ( - -p , ‘ s -  ‘ ‘i’ d s- ’az s - : I’, - ‘ s - - s - - ; s - t s-
s- t a  A s-0bR~ , I - t

~~~
’

i
’

.

“°‘las -g’ ’ap hic laOe a - n ’ca- ’i:s-ctr’,- s- f s- i High i-aierc;.’ ‘o~s-s-s- i t-;: i-~~s- ’l- ’ n i s - o  Ii t h i s - n : .
Ia I re Plu s - s -m s - i, “ P. 1. Ro~’kett. Accept ed - - r p s - n b  1. s - c s -  a. -n ‘ . :\~ i’ I -a?

- - t r ail s - a r’,’ 1. -

_ _ _ _ _ _ _ _



i~~~~~~~~~~~-~~~~~~~~~~~~~~~~~ 

J ’

~~~~~~~~~~~~~~~~~~~~~~~~~~

’ 

~~~~~~~~~~ 

- 

‘ , ‘ -~~~~~~~~~~~~~~~~~~ : -~~~~~~~~~~~~~TII~~ I

- ‘‘ I itt~’’.’ t’’’--i’ s -t’t n a c  ‘lis - a r s-a c t oH ‘ s - a t  I - n  ‘f Ce~i s - s - 
~~~

- ra \ f l :unic . . SI ’ s- an - Ion : ’-
i’ i a a c l a  ‘1 i s - s - as - s - -a, ‘ 1 • A s - s -~a ’ra laa i s - s -en  s - w i  C. E. - s - u -la ‘ As’- pt ci 1 -a ’ publ I

- t~ ia ’fl ira ,,1. Appl .  h a y  a; .  , l - s -  - - - .

‘a - . ‘ s - a ,-s - t ’a ’ ‘a - i vCf l :~v - l a a a I v a s - aias - i - ‘ 1” a - t u rbs - i t , j ~r a i i  ‘a n  5a-en- I , - a ; s - --e b— li aa sis - F] ‘as - :m’a~
- , i . . A,’kt -aalts - as - :e ai -ua~l I s - , X. b a s i t.  A ’ s - s - e p ! a ’.I for  p s - a l ’ t i ’ a t  s- ’rt i as- 1 , r\ i’a’ l

b I n s - . , ~_ s-7- -

1-’ - :  - a , s- ’r s - it s - - I - i i ” s - c l ’ s -  ; s - s - ’ a s - ’ k a’ I by ( k s -  
~~‘ ‘a - - o s - a r t  i - a l l y  s - n p a -  - ‘ - t o  I by t I s - , ’

t - Lori s - i I s - s -c s - c a’,- ‘ - a s - s - a s - t . I  - 1 1  a ’ s - I  ‘h, ’ l as - I a- a - a’ s- : Is - a - t I P ’I s- i as-’an a s -  Wa ’ l I - an :
- ‘a’ s- ,- - ‘i ’ll - - ,’ ‘1’ b s I ’ - a t s -  I I s - s  it ’s- 

~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - --__- _ --



- -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

REF’sIRENC E S

1. Exploding Wires, Vol. 24, W. ;. -Thase and H. K. Moore , eds., Plenum Press.
New York, 1968.

2. P. Mosher , S. J. Stephanakis , I. M. 7it~ ovitsky , -I. P. Dozier , I. C .
-!ine , and C. J. Nagel, Appl. Phys. Letters 25, 242°’ (i -c~ ).

5. J. 1. DeBoo -‘and P. R. bach , J. Appl. Thys. 246, ~~~~ j l - - ’ 7 C ) .

I, P. P. Rockett and J. C. CeBoo, IEEE Conf. Rec . , 2nd Int ’l. -T o nf ,  on Plasm-a
Science , 120, May 124-16, 1975.

~- . P. 7. Attwood, L. W . Coleman , and P. W. Sweeny , Appi. Phys. Letters 2€ ,
o16 (1-s-Ti).

c .  C. 5. Pailey, Jr., Phys. Fluids 18. 175 (loTi).

7. - ‘ . 0. Kel :-’ i s - i l  L. P Mix , J. Appi . Phys. ho , 1081-a (I- -s-Ti).

~~~. R. A. Alpher -and P. R. White , Phys. Fluids 2, 102 (i~~’O).

A. J. Alcock and S. A. R ’uaa s - s - - : e s - s -, APpI . Phys . L et o e r s -’~~~, l~ 7 ( 1 k-t - )

iT . R. A. Jet’fnieas- , Pays. F Ls - s - i1 s - s -  U , Il-C (lu ll-’) .

11. J. A. Sefts-s-s-r , J. Appl. Phys. — “
~~, 2~ l-~ (1rY .

L i .  Cl I- Seft er . J. Appl . Phys. 1 , , 1 , s-~s-s-~ (1-251 .

7. 2 . Siebert , Appi. s- p t .  1 . oS ( i~ T i ) .

124. . 1. Steel, priv ate comm’jns-i~s- ’atiors -.

1’- . E. Ikts - iy a n d  C. R. Bach , J .  Appl. Phys. ~l, 1710 (l’s-

lo, dOn ’t ’. ri-i Wolf , Principles - s - n ’ Cp t i cs- ; ,  -th e l . . Per ,c’unnca , Press , lea s - c — a’ - ,

1 175.

17. iirschfeller , Iua’tisu . s-and bia’ i , M~ lecul-ir Theor;,’ of Is-ases an ! l I o n - I  no ,
J. Wile:,- s - a n - I  Son,:, New York , l~~’~- .

l~~. W . Wiese , M . Smith , and . P. 2lennc’n , Atomic la’ - an s --i~~i s -’n Fa’ s-s-b abi 1ii!~’r , 1.
:
~

a,- I s- -- :~ n Through N e n . Nl~SCS-N PI3 L ( l s-6o ’ .

- 
- I - . J. ~‘at t s -’ , “ Theory of Multiple Resonant Re s -’l e a t oa ’ s - n . - ‘  Appi.  i c r

te 2l-lo2~ (August ls-o~~ .

--—-

~ 

--- --~~~~~ —~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ -- — - --- -  - - -~~~~~~~~~~~~~ 



~

CC . I-i . ‘-lbs -lo in an i I . s-T -ch clL ’rn eier, “A n a l ys i s  and -T ;j r .thesis - s - I ’ Periodic p t i c ’ a l
-s - eu- nos-at Re:’lec s-- a’:,” Arpl . Cptics-s- i~, lI-97-IC-C~ (June l90 a ) .

j . 1. Ps--ac i l-i -~ic~~ nu an ! Flii’i , ‘ pt icai .  Tolerances ‘in s- E lec t r is-  F i e ld s  i rs-
s - e u - ro~s- s -t Re flects- a’ s , ” App l . pt l ’s-s U’ , 5-a 1~_ UI ’  ( February 10710 .

CC. P. 11cr-s-her , “Sinngle-;-;os-e per -ati- as- - :1’ ‘a -, -Switches-l Puby Laser ,” Apis-I .
Ply ’s .  L e t t e r s  7,  50-It  ( -T - s - lur  U , 1-~~~\ .

— U’. 5. R. Coo’s- , “The N at is - a ’ -al  I e l ec ti - s -n  of Mo-des in a Passi-ie - —~~ itche-d L-~s er , ’
Arrt . Fh’,-s, Letters ‘

, ~c~ 5° ( Ju ly  U . t - -6’ ) .

i s - - a w i n  and Felenb ck , Iata for Plasmas in Lccal Thermoi’,’r,-~mic E s - s - s - i l i b r i u m( authier-Villas , Pa t - i s , 1s-65-). 
— _____ _____________ ___________

F. 7. - s-1hoda et al., Phs-,’r . Re’r. il~~, 81a- 3 (l-~cC ).

- .  A. 7. Meyers-tt, P. 1’. Fisher , ‘and P. T. Poethi~~, Rev. Cci. Inst. 5 .  cc -

( 7 ~~~u -

9. Pu st .n , Ph.D. Thesis (The s-Jni ver s ity  ~ f Mj c hj~~’s- s - s - ) ,  1977 .

5. Smith , Appi. Phys. Letters CI~- , 153 (U 7 2 4 ) .

C s -. I-ira-i ’i 9. Treaoha -a rs-i Allen R. K~et:, yclecuUr I’r1-.’st ’ilu and Lj~ uid Cr /s -tab
(i-on

S T .  I’ . IL Cmith , Appi. Phys . Letters Cia , L~~3 ( 1071.) .

31. Linda 7. Creagh ‘~n s -  Allen R. Kmetz , Molecul lu”.- s-~~a l s -  ‘ ms-i Liquid Crystals
s- I 50 (1273) .

52 . 1-1. Seecer , Semiconductor Ph ’s- sir s , Spr inger -Verlac  I- s- e l m , New York ( 1-s-T~~’i .

~~~~~
. ,~~. A. Smi th , Semiconductors , Cambr i - i ge  ‘Iniversit ;: Press , T’am br i Tz e  (Uc i ’- .

lu-. 9- . Putton . Phys. Rev. 112, 3 ,  7S~ ( l o~ 8l .

5- . 1-2 . PIeCer , J. Appi. Phys. i s -5 ,  7 , 521~ ( I - s -~~1 .

3b. H. Sieder , Laser Focu s- , -~6 , P-a;: Is-Ti.

37. Cl Dottesman and W .- C, Ferguson , 7. Cot , Soc . Am. 11~ ~c9 (t 
:‘1 s- , 

A . Photomultip lier  Handbook Techn ica l  I-cries PT-61. p . Is-~~. L- T’ .

3 - . S. I. Cehoo , Laser AbscrDti- n in a Sense i , i th iurn  P1-s- s - s - rn - a . Ph. 5. ‘s- ssa’~~ -a~
t i on . Sep-art s-neat of Nuclear Engineering , The Is-ni - es - - s i t - v of -licI s - l a~’~~, 1 - -~~~

-u

_________________ ___________________ - - - -- ---



I:~~~~~~~J~~:~~TT ’i: 
~~~~~~~~~~~~~~

‘
I-
~~~~~~~

- -~~~ 

T
I -~~~~~~I ~~

1.9. 7~ Cs -s- s -s -ton, Ph.D. Thesis (Tine niversity of Michig-an , 1~ 77.

11. b . 9. Henke , and  P. L. Schat teraburg ,  Advances  in X - r -a v  Ana lys is ,  Vol. 13 ,
Plenum Press , New York , l07’s- .

— C .  ‘I. C. Solom , and V . L. Paun , Review of Scientific Instruments, Vol. - - -

— a

- - ~~~~~ ________



- ‘ —.-‘-.---, ‘ ~~~~ . - 
T ‘~‘~““~ ~~~~~~~~~~~~~~~~~ -C ’ ~~~ ‘ ~‘- s- ~ — - - .-- ‘-‘ - - —- .- - .

F — --
~~

. - - — - --- --- —— - — — - - -
~~~

-. - ..-. - - -- - - - -~~~~~~~~~~~~~~~~ ‘- -
. 

— . - - - —-. - - -. 

FIGU~~S

-

31 p &D1NG PA~~ ~~~~~ - 

1—

~~~~~~~~~~ 
—

~~
-—

~~_________________________________________



s-i’

_ 

ii -

-

/~~~~~ t O~~
O

~~

I J !o

II ILl

c~~~ 1

_ _  Cl)

_ -‘
F



~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~ 
~~~~ 

-: :“ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~
-- 

~~
- ~~ 

~~~~~~ 
‘

~~~~~ ~~~~ 
- 

~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
- - ~~~ -~~: 

.
~~ :,, ‘T~°-”n.~ ~ - - .‘ —.: ~‘- — - .~ c .~~~~~ ‘ a’ — ,,, . -

~. ~~~~~~~~~~~

— 7 - ~
- 
- 

~~, ~, 
..

~~~~ 
— 

... ..-~~ , ~~
-

~~~~~~

- 
-

~~~~~ 

-

~~~~~~
--

- 

~~~~~
- .— . - 

~~~~~~~

-

~

- - - - .. .- 
- - ~~~~~~~~~~~~~~ -1., - 

- -.
~~~ 

. ~V ’ t. ~~~~~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~ ~~~~~~~ s- 
- 

~~~~~~~~ ;s- - . 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

k’.~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,~~~~~~~ 
••

- —‘
. -

~~~~~
. 

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ : —
~~~ 

--_ 
-

~~~
• ~~~~~~~~~~~~~~~~~~~ 

‘ - - 
— -~ :-~-~z~ ‘.,,3~- .

- - - ~~~ ~~~
. 

-

~~~~~~

~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-

‘

- 
.

.- ., ., ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
.._ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~c

k

I

i
- ~~~ - 1~2 r ~~~~~~~~~~~ ~~~~~~~~~~~~~ ~~~ ...s.__

”
_j 

- - ~~~~~~~~~~~t~~_ -- ‘-i
“-

I ‘. 

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~



_

___7 - -
~~~~

-- -

-

‘ ---- - 

~~~~~~~~~~~~~

- - - - - _ -

~~~

‘ ‘ - -
~~~~

-—- - -

- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~1’ ~~~~~~~~~ :~~— ~~~--~ —
~ ~~~~~~~~~~~~~~~~~~~~~~

— -, 
— 

— — 
~~~~~ 

- — -
~~- — — : -.

~~~ — 
— ‘— --— 

~ 
-, .

‘‘ .—
~

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- - 
- 

- ~~~ 
s-. . r . ~~~~~~~~~~~~~~ -

‘
~~~~~~ ,, ‘ - -a .,,~~~~ ~~~~~~~~~~~~~~~ 

— .~~~~
. - 

~~~
‘
~~~~

— 
~~ . “~~~~.-. - ~~~~~~~~~~~~~~~~~~~~ ~~~a -p n

~~ 4... - -~~~ 
- 

- ~~~ 
- 

.—~~~~.— ., 
~~~~~~~~~~~~~~~~~~~~~ U ______________________________

— S ~~ ‘ -. _ & * — .. ‘
~m( ~~~~~~~~~ S ~~~~~~ ~~ ‘~~~“~“ — ‘.MII.i~l~~ 

—— ‘~~~i~~~ i~~~~ p4  ~~~~~~~~~~~~~~~~~~~~
(- . -~~~ 

..— -- V - - ,. -_.~ .,. -~~ -‘ ~~~~~~ :—.
~~--~~ 

-~,s-.. ~~ ~~~~~~~~~~~ ~~~ Z~~~1u1 l~ J .r~ -1-’-~~~~~ .~~-pj ~~~~~~~~
- — — - :‘-_ ---. —‘i. ~~~~~~~~~~~ ~~~~~~~ ~~~~~~~~~~~~~~~ t~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

.~~~~~ “ “~~ii, ,~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .~~~~~~ ~~ 4~~s- ’~~ 
.
~~.- 

‘ 
-

- 
~~~1~~~i ‘!. -~~~~~~ , ~~~~ ~.a ...,.~~~~~~.-. ,. ~~~~~~~~~~~~~~~ ~~~~~~~~~~ “~~~ ; 

_~~ ~~ -G~~ ~~~~~~~~~~~~~~~~~~~~~ 
—

~~~~~~~~ ‘*i~-~~ “-. ., ~~-. — ~~~~~~~~~~~~~~~~ ~~~~~~ 
~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~~ ~~~~ .r~%-.’~~~,-- ~~~~~~~~~~~~~~

- . --s---- -~s--~ 
.
~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ .—~~—-~j  ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~

~ q.~-%~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ — . ~~
~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ .~~~~~ -~~ 
~~. _1 ~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- -
~
--- ~~~~~~~~~~~~~~ 

—U -~~~
-~~~~~ ~~~~~~ c,c_ -~ ~~~~~~~~ .t i,J~~Vu-ia

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ —- _,,3 ~~~~~~~~~~~
t ~~~~~~~~~~ >*P j.. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ 

u-~~~ r~~~t r-r~~ - 
_________________

--

~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~

_ _
~~

_
~~ 7~’ 

_
~~~~~~~~ :~~~~~1

_ x _ _
~~~~~~~~_~~~~~~~~~~~~~~~~~~~~

_
_~~~~~~~~~~~~ -~~~ W - -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~

p ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~
-

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- 
— - - — ~~~~~~~~~~~~~~~~~~ 

- - - ,. .~.‘..s--.g,F — - .. ~~~ — 
-- .—

~~~~
.

~~
-•--

~— 
‘

.,-‘- ~~~~ ~~~~~~~~~~~~~~~~ 
,‘

~~~~~ — ~ ‘.. ~
- ‘~~~ “a-c,- — - ~~~~~~ — —

-

L ...._ ~~~~~~~~~~~~~~~~~~~~~V - - 

~ ~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

-:
_ _ _~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

i-’~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~a P’—� ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
_________ - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- ... ., - 

- -

~~~~~~~~~~
_ _  ~~~~~~—— _ r~~~.~~’’- .. - . ~~, ~- - -

‘
.
~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

“
~~~~~

-‘ 

~~~~~~~~~~~~~~~~~~~ -~~2~~~~~~~~~~~c-~~~)’i ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 
-

~~-. -u--,- -cuis ~~~~~ J~ A , ~~~~~~~~~~~~~~~~~~~~~~~~~~~ . 

~~~~~~~~~~~~~ j l~~~~: ~~~~~~~~~~~~~~~~~~~~
- ,- ±-- . - -

~o - - 
-
~ 

- 
~~~~~ ~~~ ~~~~~~~~~~~~~~~~~~~~~~ 

~~‘ ,,_,_ 

.
~~~~

- 
-_______________ -

- - ~-ss---~ ,.-V’ ~~~~~~~ ~~~~~~~~~~~ C~m.~C.U ’~~t~~
b.) t~~ — , - - c-.,’

_____ _ _ _ _  - 
, ..‘ -- 

- ~~~. 
-~~~~~~~~~~~~~~~~~~~~~~~ ‘~~~~‘~~~~~~

~~~~~~~~ ~~a ’ ~ ’ .  ‘~~~~~~ • ~~ ~~~~~~~~~~ - 
~
-:- - -

. 

‘ - e

—- . —,•— ‘P — ~~~~~~~~~~~ ~~~~~~~~~~ - = ,
- 

-

— ~~~~~~~~~~~~~ -— — —‘-p ~~ —.--.., ,.~ 
- - 

- 
-

— ‘ ~~~~~~~~~~~~~ 
- ~~~~~~~~~~~~ 

_ -,_~~—.il, ~~~~~~~~ ‘$ .. ~~~. 
..-i ~

.. - 

- 

- - ,-. -~-z.- _~~
., :- - - -

~~ ~~~~~~~~~~~~

- .~~~ ~
v.

~~~
. .._~~t_

__ 5-_ - - 
~~~~~~~~~~~~~~~~~ _____

::g-s-re

- —--k-- - -- 
—



_________ _ _ _  T~ ,,T,. 
—
~~~~~~~~~~~~

-
~~~~~~~~~~ ~~~~~~~~~~

‘ 

- -- _ _ _

TT

a M easu ements tok en
0.75 cm apart along

E the z—axis

0)

0

*

>-

(1)zw
0

z

I.0
P L A S M A  RA D I U S ( m m )

r :gure

:~T_ ~~f~:: ~~~~
- - - ------ - ~E-~k~

_  
~~~~~~,



i~ i IlL. --;; ~~~~~~~~~~~~

-- 
-

~~~~~~ 

-- 

~~~~~~~ 
- 

~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ _ _ _ _ _

~ I I j I ~ ~ r ~ r’ f ~ ~ I I

3.0 - -

E - -
U

C)

0

c 2 . O-  -

>-F-
Cl)
z -

w

i i , i I i i i  i i i  i i i  i i i t -

.5 1.0 1.5
PLASMA RA D IUS ( m m )

Figure 5

- ~~~~~~
‘-. - ~~~

—- -- — -  - - -



-,, . — • -~—a~.-. ~~- - . - .- ——

~~~

-
-_- - — .: ~~~~

‘
. 

~
- i ” ~~ 

‘
~
k,s-. l t

~~~~~I!lIt ~~UuI_~UtI

-. — .‘ d~. ~~~~ -~~~~~ — ~~~~~~ ‘—- - - —
. .

—
~~~~ = .-z~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-
~~ ~~~~~~~~~~~~~~~~~~~~~~~~

- - ‘—
~~~~~~~~~~~

‘ ‘ -:
~ 

-

- ,.. ., .C~’—S-. ~~~~~~~~~~ ~.
_ ~~~~~— .‘— -- I - 

~~~ ~~~~ 
‘
~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~,~ ~~~ ::~~~~;ig :.c,ye: 
~~~

‘-~~ 
a— 

~ ~~

- ~ ~P%i!~~(~~~~j 
~~~~~~~~ 

- - -
~~~~~~~~~~~~~~~ 

-? -*
~~~~~~~~

s
~~~~~~, ~~~~~~~~~~~~~~~~~~~

- 
~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~ 
_~~~ c. ‘

“
~~~~~~~~~

q
’

5~~ -‘ ‘~~~~~‘~‘- ‘~¼ - , -. 
- 

- —4 
-

- -  ~~~~~
- LFI—_24 .P~~~~~ras-c - .-. ,

~ -, ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
- ~~~I-~~~~~~ ~~~~~~~~~~~~~~~~_ j ~~~~~~ _j~~~~~~~~~~~ -~~~~~~~~~~~~~~~~~

_.
~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- 
_ _ _ _

_ _ _ _ __ _ _

~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -, - ~ [V’•~~’~ ‘~~= ~~~~ -. 
.
~~ -;;•--.-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~ ~~~~~~~~~~ ~~~~~~~~~~~~~ ~~, r s - rt ~~~~~~ ‘e
I-. -’~~ ~~~~~~~~~~~~~~~~~~~~ ,. 

- 

~c ~~ s-~ ~ .. ~~. ‘
~~~~~~~~~~~~~~~~~~~~~ Ir_i=~

g
~

_ -

. ~~~~~~- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ %

• —.. ‘,. ,‘... . ~~~~~~~ ~~~~~ ‘, .~~~ ~~ . ,~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~
_

~S-,~~ Ióe.~ .‘~~~~
-
~~~~

, . .‘, s-.,~~ 4*~~~~ 
- • 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~
1~ ~~~~~~~~~~~~~~~ -

~~~~~

‘

,. .. ~~~~~~~~~~~~~~~~~~~~~~~~~~~- 
~~ 
.,-r* ’ - ,.

~~~~ ~~~~~~~~~ s-’ - - - - - .  ~~~~~~~~,

- ‘
~ “ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
- ‘ - - . ,~~

. 1’ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
• ‘- ‘

~~~~
‘ 

~~~~~~~~~~~~ - - - ‘ -~~~ 
- ‘V - - . - , - - ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~

- ~~~~~~ I. 
- -~~~~. - -~—-r •

~ 
— .‘ . q•~ -

. 
_ _ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘~~~

.—.. -~~ -‘
— - ~ ~ — ~-% ‘ii ’ . ,,. 

~~ ~~~~~~~ 
-‘--— — - 

~~~~
.‘- ‘ -:_ __

~~
—
“
, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ‘ . 

‘I— 
- 

.-. .~~
... ..‘•‘ ~~~~~~ 

..
~~~~~~~~~~ 

.
~~~~~~ 

s-~ ~~~4..

~~~~ ~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~‘ ~~~ “~~~‘ ‘ ‘ ~~~~~~ -~~~~~~ C r j  ‘-~~~~~ -, ‘ 
‘‘

~~~~
“

-‘~~~‘~~~~
‘

~~~~~~~~~ “ ~~~~~~~~~~~~~~~~~~

- - - -
~~~ 

— .~~~~~~~~ ~~ ~~~~~~~ ~~~ ‘e1b~~~~~%~~~~ 
-

-. - -
. •

:z. ~~~~ ~~~~~~~~~~ 
- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 

-

k-—----’-’ -’ 1.r ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - I,.,, ‘.- ,. - - -‘

- 
- 

~-a-i~vç,fl ~~~~~~~~~~~~~~~~~~ - - ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~

=-

~ 
.4 4 p.~t ,._c-T U S ’s-J1S~~~ p S P ~~~~~~~~~~~~~~~~~~~~~~~~~~ ” L - ~~~

-.. ~~~~~ ~W’~~~ ~~~~~~ s-’ .~~

~~ ~~~~w ~~
- i ~~ ,- ~~~~~~~~~~~

- —..,uI.’.
-- ‘

~~
-

~~~~~~~. - ~~~~~~~-~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

- ‘  - ~~~~~~~~~~
- ‘

~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
-
~~~~ 

-‘ 

- -—“I - - 
~~~~~~~~~~~ ~~

___; .‘-~-_ S,—-
-
’

I- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ - 

- :‘ - ~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- ,- 
-. 

- —.?

V -. — , * ~~~,a,,*-.-w- -- — — — — - - - — —

— —~~~~~~.- ~~~~~~~~~~~~~~~~~~~~~~~~~~~ .‘_ _-_.,
~~~~~

-. -z ._ - 

- 

- — — - -
~~~~~~~~~~~ .

-
~~~~~ .-._ .. •

- - - - 
- - . 

—
.- ~~~~ ~~

.- — —~~ ~~~~ 
- - - -- 

-
~~~ - - - - .. _;_ , 

— -  . . — ‘ ~~~~~~~~~~~~ 
- 
.~

‘—

- -.--.— a.-’ .—,-
~
-
~~

-—
_ — - —,.~~~~ — 

— .~~ .,~~~ — —~ ...— ~~— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
- 

-~~~ 
- 

~~~~~~~~~~~~~~~~~~~~~~~ 
-
~~~~ 

s-~~~’~.~~~v -  ~~~~~~~~~~ — ‘- —-.‘ - -
‘ . . — 

— 
- 

- 
-

p.- -- - - ‘s- . - - - ,- - - - 
- - --- -‘ - - ‘ - ?  ‘~~ 

. - - — ---
~~~

—
~ —~~~ 

- 
~‘~~~

-—- - . , -.- - ~~~~~~~~~~~~~~~~~~~~~~~~~~ - -‘a-’- — - s-.- --:~~ 
-c - 

- ,, . - -‘.  
- -

~ .~~~~~~ ..L ~~~~~~~~~~~ — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ..- _-,,.r~a — , -.‘- ‘ ...~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- —- - - —---- - — -—a-—--- __  - —---- —----—---.- -n_ - — ---—--- —,-- --- —— --- -- -
F - - -i— —~~~~~~--,---.,— -~ 

- - -~~~~ - - - - ~~~~~~~~~~~ - -~~~-_ ‘~~~ - a— - - _

9.0 I U I I

T i

-

0

‘C

>-
H
Cl)

z -

w
0

_ i3 .0-  I

I-
- -

-~~~~ Id Tz
I

‘U’ - T

I t I I I I I I I I I

.05 .10
RA DIUS C cm )

Figure

~~~~~~~~~ 
_________ _ _ _ _ _  A



- 
- -—-

~~~~
-- -- - - -  —— - -- - - - - - -  — 

~~~~~~~~~~~~~ 
---—-—-

~~
-‘--— - ------w---— ----

- -‘ --- - - - - -  - __I_ _ _ - — ;4 -~~~ .-- -

a-
0

0
j::. ~~~~() LU
‘s-s-s-C L U 0

~~(U 0

~~ I’
—

o LU
z

)( .J z —

LU 
~~~~cC C/)

0

~ ‘~C
II Ii

C’) Zz
0 C
C.,

II 4)
a

-J 
.

~~~~

I,-
I- >- .t 



-- -

-

~~ 

-

I —.. cs-n
cc

N I Z Z  
-

‘cC - s-a
—
—~ I.,

- 

.-,,

~~~~~~~~~

--. 
~~~_‘

1

, 

-

~
s-
~J (J ~~~C/)

‘cC
a. 5~~ ..j

I -p 
- I,

• 
II

~~ —_-—-— ~~ s --- ~—--- I- ---~.-~ -. ~~~~~~~~~~~~~ - - - -- - -



_ _ _ _ _ _ _ _  ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ .T ~

a,

C’,

- 

___ •

- — . 11~

c’J• C.)

• L.

C’,

I
C’,

- . L~~~~~~~ _ 
C.) — .

C’, C’)

~~

Is 
(~J 

II LU

-•-

U)

z
U’-
H’1

zr
C,

-i C/)

I L — _ -
~~~~~~:. ~~~~~~~~~~ — -

~~~
-— .  - - 



- — - - --- — 
- s-a, , . ’ .  --—---- .- --‘- - --- -‘- - ,‘•- -,- ‘ - - ‘—.——,., .- - ‘ w~—,-- 

—‘ - -  ‘ - .  -~~-~~ -~~& a - - - - - ;  -~~~~~~~~~~~~
. _ _

>(

> < I
-

~ 
fr:~

+ + -

— II II

-

+‘

><
= —4

F— —

I’ ~~~ — I-

~~~ -~~~C,) —,-, ><
‘J I -

+
4 I~~ ><

- t LL

><
I-=,c~ ~—~~Ic -~ +
>- - C.’J ~~~I- ~-I ><

i~~T

- 5- - - - —~~~~~~~— ‘  -- ~~~~~~~~ —— -~~~~~~ -~~~— — — —  -—-— ---~~~~~~~ -~~~ --——



_ _ _  IJ ITI~~~~T ,7~~~~
’ - __

.—.

- +
-
-

- 
F-

>( L) C~ J
_ - I

~~~ LL
U 0

(.5, u_ ‘—I
r 1

U
~~1
(D

><
-

i—I c~~ I - -~

5,

—4 I
- p. ~, s

— __:

I

cI~~IL)

~tt-



r 
~iiI I IITiI :JTIII .~~~~~ T:T TI l l .  ~~~~~~~~~~~~~~~~~~~ _ _ _

I
i_

90
- 

19 2
~N. N~ M D - 1 O  ( 1 X )

I 
80

MD = 1.0

60 MD .85

(dcgraes )  .70

1.0

- 

. 
- C/R

Figure 13

U

•1 
— — — - -  - - - -



r 

~~~~~~ ~~~~~~~~~ .~ I T .  _~~~~~~~~~~~~~~

_ _ _
, J~~~

_----- - -

~~~~~~~

--,

H TR AN SM ISSIO N L INE E QUATIONS

+ v_ e~~~ -

- V _ e~~~l z = J ~

PLANE WAV E THEORY & ~9AXW ELL’S EQ~S. -

E
~

(Z) = E4 ~~~ + E e - 

K =

H~(Z) =4[E+ e~~~~ - L eJ
~] =

Figure 14

—~~~~ _ _ __ ,  
--~ 

- - - - - -— -——— 
:, 

_____



~ —
~
--—T -

~~~

‘-

~~

—--

~~ 

_ _ _ _

C.I)
~~~~~ LU

- 
~~~~~ L)

p-C -

LL t’.i . -a- 

I-I i—C -

__j _J

II
p-C

I— I— -

-, ‘1~ ‘
II + +  in

_ _ _ _  
___ 

is-



-V.- 4~ •~~
__ 

~~~~~~~~
— —-- —Pu— 

--—-__.~~~~~~~~~~~~~~~.~U’~~~~~~~ . .  ~~‘::i ~ 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- -~1

o 0

S +

///~~/ IT

/ 1 /  ‘~iL~~ 
I-

~~ H~ A
~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~-L L_  E 

—NJ -
- - I

___I ._i 4)

I _ 
i--4-- ___j

• • .
. i--f ~f -—

= _.j a-,
• - r-.,. ’ - csJ v—C

- . . I A I— I—
• 

‘
~~ L NJ •~•~)

~ ¼ \ ’ T\ ;ç~J

‘ \ v-~ - - ‘ +
s \  .- i-. 

~ ~..j +
V ~~ 

v-4 — 
S •

~~ s-~~ + +
* .~~~~ 

L_ r-.~

a -;• —
~~~~~~

•..

NJ
I-

II
p-I II

v-f

NI NJ



F~ . - ~TT~ I.~~ 
- ‘~~‘ ‘~~ l’~ -:

W C/)
F-
—

= 0 C’)

~~~ >- ~~~~~~~~~~I- I— J C s -~
— F-
~~~- LL
—

— I-(__) ~~~
U
~~ u

U
~~ =

II II 55

U Q_ 
~~U

-
~~~

F-
U

Li.J (=1 —

LL~~~~~~ 
_ _  

~~~~~ L)
— F-- —

- 
~~~~~

_ _  
C’,

-~~~ LIJ
t f•1 II Cl) -- U

Cl) U
Lu ~~- —- I— I- — (I)
— F-- U)

C— C- L) ~~o_ o~ 
.
~~~ C)-

-



~~~- .IIIII J~~ [IT - T ~~~~~ 
- 

-

~~~~~~~~~

-
. — -a

-
S4
4)
4) —

~ ~~~~~~~~~~~~~~~~ 
-

. - 
• . .

-‘.--
~~~~~~~~~~~~ . 

.
~~~

0 .
CV 0

‘ ~~_4

3 C) C) 4~

C
C~ ~‘4~ II &~

- 
— 

I
1..~~- ~~~~ —

S 4) ‘
~ t ’~ “ - ~~ ‘ 

_•
*~

_

~0 Cl) J ~~~ I I ‘

~~~ ~
..

+‘..-l 0 - ~ - 
-
~~~

i-4~~~.

- ~~~.
4)0 0
C ,

.1.4s~ I - 41)
00

4) i-I ” i.1.4 1 i~-~~~4 5  r 4 ~~~~41

~~ 9-4

C, 0
E I o~o J9-f S -

F-I

~~ 
_ _ _ _  .4)0

0 - I 0o 41.~ _ _ _ _ _ _

-~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ —_-— -.. 
~~~~~~~ -- - —



- 
- —

r — — - - - - - -

1.00 —

.75 .

6.86r~~/c~ Al

.50 . 7 

-

/ \ 12.7mg/c n2 A].

.25  . .

I

F- I
- 

.

.
- 5 10 15 20 25

- 

X-RAY ENERGY 
- 

(K eV )

Figure -~ —

~~~~~- - -~~~~~~ - ~~~~~~~~~~~~~~~~~~~~ I~~~

_

~~_ 
-



TT T. ~ 1.T~~~ T;I~~ _ _ _

0

‘-4
•_4

-~~-‘C -

(‘4 4 5

C O  -—‘5 .-
- s-

.~~~C•\ - -~~.. ~~I.

4)

- 0
I - ‘ 0  0~II
I ,
I C-

J
I -

/ ‘ F~4 —

/ - 
0 :

/
I
/ 0
f

0

~~
/

I I ‘ ‘ I 
~ ~ i • -

— .0 0
C’, ‘-4

(~~~~ OS~ v I~ /~!~ os~v ~IIH~L) O LLY~

-- ——-. 

_i__~
_
~_ _  -



- ‘ ‘
~~~~~~~~~~~ 

-- - ________~ 
- - - - - - :

1015 - 

- 

- 

-

io~~ ~~~~~~~~~~~m~/cm
2 

.

- -

1012 - ,/
/~ ~~~~~~~ 7nxg/cm~

10 2// ~~~~~~~~~~
cm2 

- 

— 

-

8‘ 10 - 

A1umjnu~ windowI • thiciciess

r~~
io 7 -  ‘

- 

- 

- 

-

10~~ 
•

0 ~~~~ - Lithium Exploding Yire
0 P1asma--E~~ctrQn Density
0 of 1 x 10 ~‘/crn i

0 -

0

10 
• 

-:

io 2

10
_3 

- I - - I .  • I • • I

Q 50 100 150 200 (ev )
- I ELECTRON TEMPERA-rUR~

i_ _
~~ut , p-, 

-~~~~

I
L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - -~~~~~— — —~~~~~~ - - —~~~~~~~ - -~~~~~~~~~~~~



— r -
~~~~

-—- - —--- --- -- — -- -.---—
~~~~~~~~~ 

-
~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ____ —~~~ - - --— ---—,-—-.

~~ - - - --— - --- ------------- ---------,-- - - -~~I ~~~~~~~~ - -~~~~~~~~~ -~~~~~~~~~~~~ ----‘~~~
-

-~~~~ - -- — - .-
~
‘ - - ~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~ 

- - - .-

- r

X-RAY SIGNAL AND vs. TIME

- X-ray sigr~al

- TI~~~~~~~ 
(,a.sec )

Figure 22

~

-

.~



— 

‘~~~~ ‘‘~i- s -~~?”~~~~ ”’  ~~~~~~~~~~~~~~~~~~ ‘ s- - - -~,---~~~-’.- — — 
—

~~~~~~~~~~
- — -- —--~~~- _4_ _ — - - --- - - -. - .- - - .5.—

z
‘4/)

--

- .

I .

~

_ j .

_ _ _ _  _ _ _ _ _ _  z~-- ~~~~~~~~~~~~~~~~~ ---- - - --- ---



T~~l~~~~1I~~~~±-~~~.” ‘
~~~~~~~T’

~~~~~ ~~~~

- 

-

J - 
_ _

\ 
( T 2 5 °C

< 0. T 7 4 °C ~
S.-

‘U

I- - -

4 
. — . 

-
-I

-

0.2 -  
‘ f

0.1.

0.0 1 I— I -I------ I 
~~

- I—

5300 5260 5220 5 1 u0 5140 5100 5060 
- 

5020

W A V E L E N G T H  (A l

?‘i~ure J- . ~ei it i~~ ~~~~~~~~~~~~~ s-f  Li~~ht Through ~ i~-’.



TTTT II - TII~~~.IT TT~~ ~~~~~~~~~ - 
_ _ _

L 

~~~~~~~~~~~~~~~~~~

0.9—

4 —

z —

I~~~~~~~~

i

_ .

25 35 45 55 65 75 85 95

T E M P E R A T U R E  ( 0C )

Figure 25. Relative Tmnsmi3sion of ~~~~ .-~ Light
Through CdS as a Function of Temperature.

iL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~±1111±~~~~~~ .



_ _ _  TTIJIIIT~ 
- -  

~~~~~~~~~ 
i_
~~ IJiT~ 

-

k

_ ,_ ) _~ I —J IL i Joulerneter sig na l ,

:~~~~.::r:f: ~~~~~~~~~~~~~~~~~~~~ -

Figure 26. Photomultiplier Tube and Joulerneter
Responses. Ti ne scale: 0.1 msec/cm.



- - - --. - ‘~~r - ,,. -—
___________ - -— 

. - — ~~~~—~---- — -—————-—- .
5. -

.‘.-‘ -1;
.

_ _ _ _ _ _ _ _

~~~~~~~~~~~~~~~~~~~~~~~~~

‘ 

‘

1

_ _ _ __

\

‘~1
t4l ~~

-- —~~
-‘-—- k — - -  

~~~ ~~~~~~~~~~~~~~~~~~~ 
- 

-~~~



- - - - - - -  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- 

_ _  

‘

~~~~~~~~~~~~~~~~~~~ T~~~~~~~~~~~~~~~ :

’

~~~~~~~~~~~~ 

_ _ _- 

_ _  lrv~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

~~~~~~~

- -   
_

s~~~~,i:±~~~~~~~~~~~~T~~~.: 
. : -

~~ 
-
it

- 

~~~~U~~~
-i 

-

• :~ -:~ ±:~~ - :~~~~
-

: I 

_ _  ~~~~~
- 

- - - ‘ 5 -  -

- - -  ~_~~~.-_: - ::~ / 
-
:- _~~:~~~~~~~~~~~

_ _/

- —  ~_ -~~~_ - -  _ I -/ 
~~~~‘r 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~ TI \~~~f ~~~~~~~~~~~~~~~~~~~ i~~t~~T / 

- — — -~~~~~~~ - - - -- - - 5

- 
. t ~j~~~~~

; 
- -  - 

- 
-  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - — I~ - - - —  - - — - - —-- - - - - - - -  o- - 4-,-- - - — - — 5- ——-- - - -  — - 5- - .  - - - - - -- 0
— _ .L~~~~ -- - — -, - - -  - - - - , - - - —- I -  -

- - -

?I~
;t

~I~ ~~~~~~~~~ 

- --5 - --- — -. 5’- - - —  .



- ~- -~TI -~~~~~- I:~Il~~~’ T~~
’ ~T:’-~: 

—n- - - 

- __

— 
I 

— 

~~T.. -

- - , 

/ -  - -

_ 
i
~i:i~~

~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

_ _ __ _ _  

--—5-

‘ I I MJ L \ ~ \‘~~~~~

• 
_ __ __ _

~~~~

LJL7

’

!N~~ ‘ I  -

[i—•. • -

•

- - 
_ 

_ _ _ _ _ _ _ _



_ _ _ _ _ _ _ _ _ _ _ _  - -

$L CU HI1 y C L A . . 4 I  IC A T I O N  04 T u 4 4 .  # A G L  s - a 4s - .~ fl5,a t r , u - rec l )  - - ~ C 4 a1 -

-- - . - -~~~~~ -

~~~
-‘-

~
=

~ 
j u L L

~~~~~~ REP~ R.I~pOCUMENTATION PAGE ~~~~~ 
‘ V  L. C~EAD I N S T R u Cr 1 c L . S

I. R~~~eRT~~ LIEN ~~~~j ) 
—- 2. GOVT ACC ESS ION NO. 3. RECIP IENT ’ S  C A T A L O G  NUMUER

~~~~~~~~~~~~~~~~~~~~~ -4 . TI TLE (Cnd Subtitle) r%~’E c7~~-REP 8 PErIOD COVERED
- - , / Fina1 ,~e ~~ t .1

Laser Diagn~~~~cs~~~~Meta1lic Plasmas #/ V
’ June 1, ~~~~~~~~~~ 31, ,978 r 

-~~ -— - 6. P RF9RM NG O~~G - R E P O  T N ~ IMB ER- --  —
~~~‘t- ?‘/

~~ ~-2 ~~‘ r’ ~~~~ 
~j7 AUT HOR(s ) 8. CONTRACT OR GR~ uN T-N~ S.48 R(,)

- ~z-, 5 - - - - --- - -- 
I 

~~~~~~~~~~~~~~~~~~~ I
David R. ~7~’ ~~~~~~~~~ 74-271 3~)’~~~~~

’

9. ~
i’

~~~O R M I N G  O~~G A N a Z A T a O N  NAME AND ADDR ESS 10. PROGRAM ELEMENT, P R O J E CT . TA SI(
AR EA 4c UNIT - ER S

Universit.- of Michigan , Nuclear Engineering Dep - ~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~
2272 GG Brc wn Laboratory 61102~~~~~1/~,~’Ann Arbor 4 Michigan  48109 --

I I .  C O N T R OL L I N G  O F F I C E  N A M E  A N D  A D D R E S S  ~~ 12- RE P O R ~~~~DA1E . .  -

- Air Force Office of Scientific Research/NP /1 i Dec~~ 1r97~JBldg 410 ~~~~~~~~~~~ 
.~1.. Aa ,ag~~~pAr.

Boiling AFB , D.C. 20332 60
14. MONITORING AGENCY NAME & A 0D RE5S(~l4~.SS.sen4- -ir om-C m oUin~ Off i c e) IS. SECURITY CLASS. (of this report)

(TI’ unclassified

~ ‘1 I ISa , O E C L A S S I F I C A T I O N / D OW N G RA O I N G— I ______ 
S C H E D U L E

~ ‘~5~16. DISTRIBUT IO N S T A T E M E N T  (of this Report)

D~~~~rR1BU T1ON STATEMENT
/tppr c-: - - -~ ~ or ~~L 1 Ic ro lens o’ ~~ - ~- ~ pprov.d for public relea&.;

~~t I

47. DISTRIBUTI ON S T A T E M E N T  (of the abstract entered In Block 20. If different from Report)

18, S U P P L E M E N T A R Y  NOTES 5’ -

U-

49 . KEY WORDS (Continue on reverse side if necessary and identity by block number)

I.,.’

20 AB ~~~RA CT (Continue on reverse side if necessary end Identity by block number)

The major objectives of the research described was the study of diagnostic
techniques for metallic plasmas produced by exploded wire systems . Work accom—
pu shed included the development of a diamond die for the extrusion of lithium ,
ray tracing calculations to determine the deflection and absorption of rays -

passing through the plasma , and a transmission line calculation used for the
design of etalons . Measurements made include X—ray temperature determinations by
the line ratio method using scintillator detectors . Experiments were also
carried out on a large area CdS detector for the measurement of infrared radiatio .. - -

DD 
~~~~~~~ 

1473 E D I T I O N  OF 1 NOV 65 IS O B S O L E T E  

~~~~~ ~~
_-‘. 

— 

~~

S F C ( I R I T V  r( a c S I F I ~~ATr) N s - . r  T H I S  PA ~~~~ f !.ra f lC?a

-5— - _________ 
_ _ _ _ _  —-5—-- - -~-— --~~~~~~~ - -- — -5----.- —5---



--5 — -
~~~~~ 

-—---5 
~~~ -— -—5 - — —5- —~~~~~~~~~~__ _ _ _  — ~~~~~ — —-5 —- --

_ _ _ _ _ _ _- - - -- -5 .--- -— - - - 5 - -- -- - - - 
. 

-~~~~~~~~

A t-~o-wavelength holographic interferomet -r was desrgncd , constructed , I

tested , and used for the measur ement of density distribution in the exp loded
wire plasma and a Z—p inch . The useful measurements were made with the system
at t~ie rub y doubled frequency , as the transmission throug h-the p lasma was
greater at this wavelength .

The exp loded wire system has been modified to accept solid wires of -
tungsten and aluminum which can be fed from outside the vacuum system and a
new X-ray measuring system has been constructed.
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